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A criticism has been directed against the plausibility of the alpha-model, based on the con- 
tention that the first-order interaction between alphas is a repulsion. If this were true, the 
second-order attraction would have to be more than strong enough to overcome it and would be 
expected to distort and mix the alphas, making the alpha-model implausible even as a fair ap- 
proximation. The contention is based on the conventional assumption of nuclear forces with 
several exchange terms and a single range parameter, and is here controverted by means of a 
calculation based on a more nearly satisfactory assumption of nuclear forces with fewer terms 
and two range parameters. This sample interaction has more “‘tail’”’ than has the conventional 
interaction (a non-exchange tail), and leads to an adequate first-order attraction between 
alphas. The alpha-model facilitates a qualitative understanding of several well-known regu- 
larities among observed nuclear moments. The low degree of degeneracy of neutron states in an 
alpha-framework may be associated with the existence of surprisingly many cases in which the 
addition of two neutrons to a nucleus does not appreciably alter its magnetic moment. This, and 
the expectation that the lack of complete rigidity of an alpha-framework inhibits its rotation, 
may bring it about that the orbital moment of the odd-proton nuclei is essentially due to 
protons, in keeping with the observed trend of the magnetic moments. The occurrence of large 
positive electric quadrupole moments only in the neighborhood of the rare earths has been 
related to the shape of an alpha-framework, and to the participation of only one or very few 
particles in the orbital motion. 





F the various proposed methods of approxi- 
mating the problem of nuclear structure, 
the alpha-model is perhaps the most plausible.’~® 


1E, Wigner, (a) Proc. Nat. Acad. Sci. 22, 662 (1936); 
(b) Phys. Rev. 51, 106, 947 (1937); (c) cf. also W. H. 
Barkas, Phys. Rev. 55, 691 (1939). 

2(a) G. Breit and E. Feenberg, Phys. Rev. 50, 850 
(1936); (b) E. Feenberg and E. Wigner, Phys. Rev. 51, 95 
(1937); (c) E. Feenberg and M. Phillips, Phys. Rev. 51, 597 
tear: (d) M. E. Rose and H. A. Bethe, Phys. Rev. 51, 205 
(1937). 

3(a) W. Wefelmeier, Zeits. f. Physik 107, 332 (1937); 
(b) J. A. Wheeler, Phys. Rev. 52, 1083 (1937), especially pp. 
1086-8 where it is shown that the simple alpha-model is 
probably a good representation of the more general method 
of resonating group structure for the low excited states 
(below about 5mc?), a fortiort for the ground states in which 
we are most interested. 

4(a) L. R. Hafstad and E. Teller, Phys. Rev. 54, 681 


The only serious objections which have appeared 
against its plausibility have been based on a very 
specialized assumption about nuclear forces.*’ 
This form of the forces—the familiar ‘‘Majorana- 
Heisenberg-Wigner-Bartlett’”” scheme with a 


single range parameter—has enjoyed such a 





(1938); (b) cf. also H. Brown and D. R. Inglis, Phys. Rev. 
55, 1182 (1939). 

5 (a) N. Bohr, Nature 143, 330 (1939); Phys. Rev. 55, 418 
(1939); (b) N. Bohr and J. A. Wheeler Phys. Rev. 56, 426 
(1939). 

6 (a) B. O. Grénblum and R. E. Marshak, Phys. Rev. 55, 
229 (1939). Cf. also (b) H. Bethe and R. F. Bacher, Rev. 
Mod. Phys. 8, 168 (1936) for an introductory discussion 
based partly on the earliest preliminary work in this field by 
W. Heisenberg, Zeits. f. Physik 96, 473 (1935). 

7H. Margenau, Phys. Rev. 59, 37 (1941). 
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vogue, because of its alleged simplicity, that it 
was mentioned only parenthetically in reference 
6(a), though essential to the conclusions thereof. 
This form of the forces has always been subject 
to serious doubt as more than a very rough 
approximation, the more so in the light of the 
possibility of meson forces. The objections to 
the alpha-model are raised directly against the 
use of the alpha-model in calculating relative 
binding energies, and only by implication against 
the association of the alpha-model with a nuclear 
structure important to nuclear moments and the 
like. The implication is, however, rather strong, 
and its denial is the principal purpose of this 
paper. The objections are based on the tenet 
that the first-order interaction of two alphas is 
repulsive.*? In this case, the binding of alphas 
into nuclei must arise from second-order forces 
(of no greater range) strong enough to overcome 
the repulsion. The direction objection is then 
that such forces would not exhibit the simple 
additivity employed in reference 4. The implica- 
tion arises from the circumstance that second- 
order interactions are accompanied by a distor- 
tion of the unperturbed state of the system. If 
the second-order forces must be more than 
strong enough to provide the binding, it seems 
likely that the distortion would be so great that 
the alphas in a heavy nucleus would not retain 
even a nebulous identity. In the next four 
sections we shall show that a different sample 
force assumption, which is more closely com- 
patible with proton scattering and with the 
meson theory, gives an attraction between alphas 
in first order. 


I. HEAVY-PARTICLE INTERACTIONS 


The suggestions of the meson and other field 
theories of nuclear forces still leave us in the 
midst of an empirical search for a formulation of 
nuclear forces which is satisfactory for as many 
purposes as possible. One incentive for the search 
is the hope that its result may provide either a 
suggestion of the direction in which field theory 
should develop, or a criterion to distinguish the 
correct field theory of the forces from the rest. 
Short of this aim, it may still be very useful as 
a guide toward crucial experimentation. A very 
important step in the empirical selection of the 
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Fic. 1. Possible heavy-particle interactions in the 'S 
state: a meson potential V.=—(89.65mc*)e""!*a/r with 
a =0.42e?/mc? =0.131h(m Mc*)-?; the exponential potential 
Vi=—(137.6mc?)e""" with =b=0.193h(mMc*)-3; the 
Gauss error potential V,= —(51.44mc?)e"*"* ~— with 
a =21.59m Mc?/h?; and the double-range potential V, given 
by Eq. (1). 


most satisfactory forces is the analysis of proton- 
proton scattering data. This has been carried 
out by Breit and his successive co-workers,* 
using the data of Tuve, Heydenberg and 
Hafstad, and of Herb, Kerst, Parkinson and 
Plain.’ Three of the assumed forces on the basis 
of which they carried out their analysis are 

8 (a) G. Breit, E. U. Condon, and R. D. Present, Phys. 
Rev. 50, 842 (1936); (b) G. Breit, H. M. Thaxton, and L. 
Eisenbud, Phys. Rev. 55, 1018 (1939); (c) L. E. Hoisington, 
S. S. Share, and G. Breit, Phys. Rev. 56, 884 (1939). 

* (a) M. A. Tuve, N. P. Heydenberg, and L. R. Hafstad, 
Phys. Rev. 49, 402 (1936); 50, 806 (1936); 51, 1023 (1937); 


53, 239 (1938); (b) R. G. Herb, D. W. Kerst, D. B. 
Parkinson, and G. J. Plain, Phys. Rev. 55, 998 (1939). 
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shown as V., Vu, and V, of Fig. 1. The deviations 
of the phase shifts in the case of Vz and V, are 
rather definitely outside the range of plausible 
error, and it may be considered that the analysis, 
as carried out by Hoisington, Share, and 
Breit,’ leads to agreement in the case of V, 
only, according to an opinion expressed by 
Professor Breit.'° This arises from the fact that 
the nature of the radial dependence (such 
features as the ratio of “tail’’ to ‘‘body”’) 
determines essentially the curvature of the phase 
shift as a function of energy, so that a fit cannot 
be brought about for Vag and V, by a mere 
alteration of the parameters.'® 

For the purpose of calculating other nuclear 
properties, the meson potential V. is rather 
awkward, since its use would at best lead to a 
great deal of numerical integration. Yet we 
would like, in what follows, to adopt a potential 
which is in agreement with the scattering data, 
and which may, in spite of drastic simplifications 
for the sake of practicability, retain some of the 
qualitative characteristics of the meson force. 
In particular we wish to retain the “‘tail,’’ which 
seems to be the most important feature in what 
follows, while attaining saturation entirely by 
exchange, without tensor forces. We retain the 
tail, without losing the possibility of analytic 
integration, by means of the device of approxi- 
mating the radial dependence V, which was 
successful in the scattering problem by a 
superposition of two Gauss error curves, one for 
the ‘“‘body”’ and one for the ‘“‘tail.’’ This double 
Gauss error curve, with the parameters chosen 
to fit V. reasonably closely through almost all 
of its range, is 


V,= —70mc exp (—ar*) —6mc? exp (—a’r*) (1) 
with 
a=45mMe/h? and a’ =9mMec*/h?. 


It is compared with V,., as well as with V; and 
Va, in Fig. 1. The part of the potential at very 
small r (where the function F?E- plotted in 
Fig. 4 of reference 8(c) is both small and almost 
independent of £) is relatively unimportant in 
the scattering. Furthermore, the meson theory 


 G. Breit, Washington Physics Colloquium, February 
26, 1941. 


is most ambiguous about the forces in this 
region of small r—no cut-off is required, and 
none has been introduced, in the scattering 
analysis, although a cut-off is required in other 
problems." It is seen that V, differs from V, more 
than does V, only in this presumably less impor- 
tant region. Through the main part of the range of 
r, V, differs from the meson potential V. much less 
than do the others, and it wavers on both sides 
so that the differences could be expected partially 
to annul one another. Since the other potentials 
V, and V, can only be excluded after considering 
the last refinements of accuracy of the scattering 
data, it seems almost certain, without repetition 
of the rather lengthy analysis, that the scattering 
data would not exclude V,. 

V, in (1) is our assumed 'S interaction. The 
more general interaction between two particles, 
from which (1) follows, which we assume for 
the purposes of calculation is 


V=—(A,P*+A,P’) exp (—ar’) 
—A’ exp (—a’r’) 
= —(105mceP*+35mcP’) exp (— ar’) 
—6mc? exp (—a’r*), (2) 


with a=45mMc?/h? and a’ =9mMc*?/h? as before. 
Here P? is the space-exchange operator (‘‘Ma- 
jorana’”’) and P” is the spin-exchange operator 
(‘Bartlett’). It will be appreciated that (2), in 
spite of having two ranges, is somewhat simpler 
than the four-operator interaction which has 
often been assumed. As stated above, we intro- 
duce the exchange operators principally for the 
sake of saturation, expecting that this will in 
some way correspond to the saturation properties 
of the actual (perhaps partly tensor) interaction. 
The saturation conditions are derived from 
consideration of collapsed nuclei, in which the 
range plays no role, so they apply to (2) as well 
as to a single-range interaction. The principal 
saturation conditions” are in our case 


A‘%22A°+4A’, (3) 
A*%22A°+2A’. ; 


They are satisfied by (2) as inequalities with a 


1H. A. Bethe, Phys. Rev. 57, 260, 390 (1940) et al. 

2 (a) G. Breit and E. Feenberg, Phys. Rev. 50, 850 
(1936); (b) N. Kemmer, Nature 140, 192 (1937); (c) Cf. 
also G. Breit and E. Wigner, Phys. Rev. 53, 998 (1938). 
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TABLE I. Deuteron and alpha-energies. 


DEUTERON ALPHA 
Energy due to V —3.. mc —51 mc 
Discrepancy with observed energy 
(allowed for admixture) —mc — 3.3 mc 


considerable margin. It has been customary to 
assume that the saturation conditions should be 
satisfied as equalities or near-equalities, following 
a suggestion™ based on the desirability of obtain- 
ing as much Li® binding as possible with the usual 
single-range interaction. There is thus no reason 
why the double-range interaction (2) should be 
made to satisfy the conditions (3) as _near- 
equalities. The greater freedom of choice of 
parameters thus afforded seems desirable, and is 
perhaps an advantage of the form (2) over the 
usual form of interaction—it seems unlikely that 
the actual interactions, which we hope to 
approximate, would happen to correspond to 
such stringent conditions as (3) as equalities, or 
even as near-equalities. Something corresponding 
to this greater freedom of choice is probably also 
afforded by the tensor nature of the forces, which 
is expected to depress the Li® energy more than 
the alpha-energy by intermixing states. With 
most interactions which, like (2), are more than 
saturated, the alpha-model appears to be almost 
essential in interpreting the linear trend of 
nuclear binding energies. 

The choice of the parameters in V has been 
further limited by the requirement that it shall 
give a satisfactory value of the deuteron binding 
and of the alpha-binding. Though the interaction 
which V is intended to approximate is probably 
tensorial, V can reproduce only its direct 
contributions to the energy of these simple 
systems, not the indirect contributions arising 
from admixture of states of differing L. We 
therefore make an arbitrary, or very roughly 
estimated, allowance for the indirect contribu- 
tions. Since the energies are quite sensitive to 
the choice of parameters, we need not demand 
great accuracy. The energies derived from V, 
and the allowances to be made for admixture of 
states in order to give the observed binding, are 


13D. R. Inglis, Phys. Rev. 51, 531 (1937). 
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listed in Table I. The allowances for admixture 
are, in order of magnitude at least, compatible 
with indications from the deuteron quadrupole 
moment.!! 

The energy due to V is in each case estimated 
by means of perturbation theory. In the case of 
the deuteron, the convergence question is more 
serious! (because of the greater penetration of 
the barrier), and attainment of a significant 
result in the double-range calculation depends 
on comparison between perturbation and exact 
results in the single-range case. Warren and 
Margenau have carried out the second-order 
Schroedinger perturbation theory of the deuteron 
for a single-range interaction equivalent to (2) 
with A’=0. Using a rather long-range interaction 
with a=20m Mc*/h?, they found that the differ- 
ence between —£, the binding energy obtained 
from the assumed interaction by a _ correct 
computation, and —E“**), the binding energy 
in second order, is about mc*®. The difference is 
to be attributed to the higher orders of the 
perturbation calculation. Its magnitude depends 
on how poorly the zero-order functions fit the 
actual functions. The fit is worse when there is 
much penetration of the barrier, so one may 
expect the higher-order contribution to be larger 
for shorter range of interaction and for smaller 
binding energy —£E. The extent of these varia- 
tions of the higher-order contributions may be 
judged by the three cases'® listed in Table II. 
One sees that the dependence on E is less 
important than the range dependence, and that 
we should attribute about 2mc* of the deuteron 
binding to higher orders of the perturbation 
theory when using the interaction (2), of which 
the dominant term is quite short-ranged. A 
second-order perturbation calculation similar to 
that sketched in the appendix of reference 15, 
but generalized to accommodate the double- 
range interaction (2), leads to the energy of 


14 For this reason we disagree with the remarks, toward 
the end of p. 1028 of the otherwise admirable paper quoted 
below (reference 15), criticizing alpha-results on the basis of 
deuteron behavior. 

146 TD, T. Warren and H. Margenau, Phys. Rev. 52, 1027 
(1937). 

16 The values of E are taken from E. Feenberg and J. K. 
Knipp, Phys. Rev. 48, 906 (1935), Table I, and from E. 
Feenberg and S. S. Share, Phys. Rev. 50, 253 (1936), 
Table II. 
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the deuteron in second order: 


E®+E® = (9h?/8M)ca 

—A}1—3/[4(0+1) ]}[o/(o+1) }} 
—A’\1—3/[4(s+1) ]}[s/(s+1) }} 

— (M/2h?ac) { A*lo¢/(o+1) }* 

X [a —log(1+1/a)+log2—1 ] 
+2AA'[o/(o+1) P[s/(s+1) } 

X [b—log(1+1/b)+log2—1 ] 

+A”[s/(s+1) }§La’—log(1+1/a’) 

+log2—1]}, (4) 


where a=(0+1)/[(o+1)?-1]}, a’ =(s+1) 
[(s+1)?—1]}}, s=ca/a’, and b={(e¢+1)(s+1) 
[(o+1)(s+1)—1 ]}*. The second-order contribu- 
tions of the term in A’ are here, of course, 
relatively small, with an interaction such as (2) 
which has the term in A’ considerably weaker 
and longer-ranged than that in A. Indeed, in 
the limit of very long range of the term in A’— 
that is, very large s—the second-order and 
higher-order contributions of this term vanish, 
since the addition of a constant potential merely 
depresses the energy-level scheme by a constant 
amount (A’) without altering the wave functions. 
Because of the weakness and long range of the 
term in A’ we may expect its effect on the rate 
of convergence to be slight. Evaluation of (4) 
with the values of the parameters given in (2) 
leads to the minimum value E“+”? = —1.24me’, 
the minimizing value of o being 0.26. This and 
—2mc* just attributed to higher orders give the 
value in Table I. 

The alpha is a much more compact nucleus, 
with comparatively little penetration of the 
barrier, and for it a perturbation theory’ based 
on Hermite functions is very suitable.'* The 
second-order contribution is only about 2mc* 
out of a total 55mc* of alpha-binding." 

The first-order energy of the low ‘S state 
(“ground state’’) of the alpha with the double- 
range interaction (5) is 


Ea=(9h?/4M)ac—6A,[ 0/(¢+2) }} 
—6A'[s/(s +2) }}+4(ach?/mMc*)imc*. (5) 


With the parameters given in (2), this has a 
minimum E,= —48.3mc? at ¢=1.6. A complete 
calculation of the alpha-binding with this 
interaction might then be expected to give about 





17 W. Heisenberg, Zeits. f. Physik 96, 473 (1935). 
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5imc*. The allowance for admixture (Table I) 
is then relatively small, as seems compatible 
with the high excitation of other states of the 
alpha.'® Even if this allowance might turn out 
to be considerably too small,'® the result indicates 
that the simple interaction (2) is reasonably 
adequate for our purposes. 


II. INTERACTION OF Two ALPHAS 


The analysis, along molecular lines, of the 
problem of two interacting alphas, each treated 
by use of oscillator functions as above, has been 
carried out by Margenau,’ in part following an 
earlier treatment of Heisenberg." A single-range 
interaction was used, of course, and the result 
obtained was a repulsion at all distances, as has 
already been mentioned. We shall now generalize 
the analysis to encompass the double-range 
The generalization is entirely 
straightforward. We. still the relation 
V=12V3,+16V 4s, where V is the 
potential energy of the system. In our case, 
the typical average like-particle interaction (in 


interaction (2). 
have 
average 


first order) is 
V4 =(A a-~Ad) S¥ exp( —ar3")PYdr 
—A'Sfy exp(—a’r3)~dr (60) 


and an average unlike-particle interaction is 


—A,S¥ exp(—arss*)P dr 
—3A Sy exp(—arys*) pdr 
—A’' fy exp(—a’rys*)Ydr. (7) 


V.s3= 


The wave function y of the system is the same as 
before, a determinant of single-particle functions 
u(r) of position relative to one center and u(r — R) 
of position relative to a second center, with a 
normalization factor 4!/(1—6*)*. The single- 
particle function u(r) is (¢a/m)! exp(—car*/2), 


with an oscillator po- 


an s wave function 


TABLE II. Rapidity of convergence as a function of range a 
and deuteron *S energy, E. 


ah?/ (mM c*) A/mc E/mec E°*?)/me (E—E“*))/me? 
30 117 —4 — 2.67 — 1.33 
30 114 —3.5 —2.10 — 1.40 
44.44 162.6 —4 — 2.00 — 2.0 


18D. R. Inglis, Phys. Rev. 55, 988 (1939). 
8 EF, Gerjuoy and J. Schwinger, Phys. Rev. 60, 158A, 
(1941) 
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Fic. 2. The interaction of two adjacent alphas, AE, and 
the terms of which it is composed [in Eq. (9) ] as functions 
of the inter-alpha-distance R. 


tential, and the “overlapping integral’ 6 is 
exp(—oaaR?/4). The integrations in (6) and (7) 
which involve a rather than a’ are carried out 
by Margenau in Eqs. (14) to (18) of reference 7, 
and are stated in terms of the parameters o and 
p=a'R. The parameter o arises in the result as 
the ratio of ca from the wave function and a 
from the interaction, so it is replaced by s=ca/a’ 
when one integrates the last terms, involving a’, 
in (6) and (7). Likewise p’=a"R replaces p in 
the results of these integrations. From V, thus 
calculated, we subtract the first-order average 
specific nuclear potential of two separated alphas 


Vo=—12{A gri+A’r"} (8) 


with r=¢/(o+2) and r’=s/(s+2), and add the 
kinetic energy Exin=(opéh)?(a/M)/(1—6&) and 
the Coulomb energy Ec = (4e?/R) erf[(ca/2)'R | 
from reference 7. The result for the first-order 
energy of interaction of two alphas centered at 
fixed points R apart, if the particles of which 
they are composed interact according to (2), is 


E = (apéh)?(a/M)/(1— 6) 
—4(1— 8)? A ,[ (482-1) 2 +(10 —82)A; 
—125d4]+2A,(1—6*)(A2—As) 
+A'T (4—8)d'2+ (5 —482)N’3— 128d'4]} 
+ (4e?/R) erf[(ca/2)'R]. (9) 


The A; are defined in Eq. (15) of reference 7, 
and the X’; are, similarly, 
N2=7' exp(—r’p”), 
N’3=7') exp(— 3s’p”), (10) 
N,=7' exp(— }(s+3)7r’p”). 


The term in A’ has longer range than the other 
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exponential terms, mainly through the replace- 
ment of p by p’, and thus leads to attraction at 
intermediate distances if it is strong enough to 
overcome the Coulomb repulsion, as we shall 
see it is. 

The evaluation of (9) with the parameters 
indicated in (2) is shown, term by term, in Fig. 2. 
The heavy curve AE represents the entire 
expression (9), the energy of interaction of two 
alphas at a fixed separation R as a function of R. 
This has been obtained in a way closely analo- 
gous to the Heitler-London treatment of mo- 
lecular binding. The approximation involving 
fixed centers is not as good here as in the mo- 
lecular case, as has been emphasized by Heisen- 
berg,'’ but we may partially take into account 
the indeterminacy of position of the centers by 
considering the zero-point vibrations as_ in 
molecules. The dotted lines in Fig. 2 represent a 
typical square-well potential which would just 
serve to keep two alphas together as a barely 
stable Be* nucleus. The still deeper and broader 
curve AE would thus suffice to make Be*® quite 
stable—stable by several mc*—relative to dis- 
integration into alphas. This means that the 
attraction between alphas provided by the 
interaction (2) of the constituent particles is 
even stronger, already in first order, than 
required by the energy of Be’, which is probably 
unstable by a small fraction of mc*. Thus we 
see that a comparatively slight modification of 
previously-investigated forms of interaction, and 
one which is also an improvement in some other 
respects, is sufficient to bring about a strong 
first-order attraction between alphas. We could 
take the two ranges more nearly equal than we 
did explicitly in (2), or introduce some exchange 
or tensor properties in the long-range term, and 
still obtain enough alpha-attraction. 

The curves in Fig. 2 have not been drawn for 
very small values of R, as the first-order result 
of perturbation theory there has very little 
meaning. The trustworthiness of the result is 
indicated in part by the smallness of the over- 
lapping, measured by & relative to unity. This 
quantity is 0.04 at R(mM)'c/h=0.3, but is as 
large as 0.24 at 0.2, where the first-order result 
is a strong repulsion. In spite of the inapplica- 
bility of the first-order result at smaller separa- 
tions, we may be sure that the repulsion con- 
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ALPHA-MODEL OF 
tinues to very small values of R, because, as 
already mentioned in Section I, our interaction 
(2) is more than saturated. The fact that the 
repulsion sets in at distances where the over- 
lapping is comparatively small helps to make 
the alpha-model very plausible. 

We have demonstrated the 
selecting a simple interaction between heavy 
particles which satisfies all the usual demands 
(insofar as this can be done without tensor 
forces) and at the same time leads to a satis- 
factory first-order attraction between alphas. 
This liberates from serious criticism a valuable 
tool with which we may attempt to correlate 
and understand nuclear properties, the alpha- 


model. 


possibility of 


DEMAND FOR THE ALPHA- 
NUCLEAR MOMENTS 


III. Emprricat 
MODEL. 


In this section we shall emphasize three 
striking facts that have previously been pointed 
out concerning correlations among the moments 
of odd nuclei, facts which suggest, in a way 
much too definite to be ignored, that nuclei 
must have a detailed structure much more simple 
than one would a priori expect in mechanical 
systems so complex. These facts are, first that 
there are several cases in which the addition of 
two neutrons to a nucleus makes practically no 
difference to the magnetic moment,” second, 
that the magnetic moments seem to be due 
mostly to a single particle ;! and, third, that the 
large electric quadrupole moments are all 
positive.” We shall also discuss other facts 
related to these but concerning individual nuclei. 

Of the twelve odd isotopic pairs with the same 
nuclear spin of which the magnetic moments are 
known, seven or eight have the magnetic 
moments nearly equal in the two isotopes. All 
of the known magnetic moments of isotopic 
pairs, including those with different nuclear 
spins, are listed in Table III. The ratios wss2/ua 


are listed for those elements of which the two 
isotopes have the same nuclear spin, the ones 
in which we are interested at present. In the 


* H. Schuler and H. Korsching, Zeits. f. Physik 105, 485 
(1937). 

*1(a) A. Landé, Phys. Rev. 46, 477 (1934); (b) Th. 
Schmidt, Zeits. f. Physik 106, 358 (1937). 

2H. Schuler, J. Roig, and H. Korsching, Zeits. f. Physik 
111, 173 (1938). 
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case of Ag, and one might also say in K, the 
magnetic moments are both very small, due 
presumably to an almost complete cancellation 
of spin and orbital contributions. In each of 
these consider the magnetic 


cases we may 


TABLE III. Magnetic moments of isotopic pairs.* 


Opp PROTON Opp NEUTRON 


u/uN (wA+2/HA) I w/AN (HAs MA) 
7Cl® = 5§,/2 1.37 wCd™ 1/2 —0.65 
wcl™ 5/2 1.147983) Gaus 172 ~0.65 /1-9 
wk 3/2 0.39\5 56 soon"? 1/2 —0.89 lh 0 
ig <4! 3/2 0.22) : soon!!9 1/2 —(). 89 J 
ooCu® 3/2 2.43\ 1 04 sXe™ 1/2 —0.9 
oCu® 3/2 2.54/°° sXe! 3/2 0.7 
3Ga® 3/2 2.11}, 07 ssBal 3/2 0.837\ 5 447 
3Ga" 3/2 2.69/°°*°° Ba? 3/2 0.936/**'*! 
gsBr”® = §=3/2 2.61\1 9 wYb'™ 1/2 0.45 
3sBr! = 3/2 2.61{/ °° wYb' 5/2 —0.65 
37Rb™ 5/2 1.34 solig!” 1/2 0.5 
37Rbs* = =3/2 2.74 sHg™ 3/2 —0.6 

y107 /9 an 

nAgm 1/2 —0.19/"9 
gin! §=9/2 5.43) 
vin’ 9/2 5,43) 1-002 
sib =, /2 3.7 
515b!%3 7 2 2.8 
e3Eu! 5 2 3.4 
e3Eu's 5/2 1.5 
Res 5/2 3.3 \ 
Re 5/2 3.3 ea 
si TI 1/2 1.44 " 
TI 1/2  1.45/1-0097 





* The sources of the data in Table III and in Figs. 3 and 4 are as 
follows: H'!, Li’, F!*, Na**: S. Millman and P. —_ Phys. Rev. 60, 
91 (1941). Be*: P. Kusch, S. Millman, and I. Rabi, Phys. Rev. 55, 
666 (1939). BU: S. Millman, P. Kusch, and I. 7 Rabi, Phys. Rev. 56, 
1176 (1939). Cf., however, Douglas and Herzberg, Can. J. Res. 18A, 
165 (1940). Their measured intensity ratio 1.42+10% does not in 
clude the ratio 1.67 expected from J] =3/2, which is indicated as 
questionable in Fig. 3. C##: R. H. Hay, Phys. Rev. 60, 75 (1941). 
N15: G. H. Dieke and R. W. Wood, J. Chem. Phys. 6, 908 (1938); 
J. R. Zacharias and J. M. B. Kellogg, Phys. Rev. 57, 570(A) (1940). 
AF?: S. Millman and P. Kusch, Phys. Rev. 56, 303 (1939). Cj*5.%; 
Shrader, Millman and Kusch, Phys. Rev. 58, 925 (1940). K*, a 
Kusch, Millman and Rabi, Phys. Rev. 55, 1176 (1939). K*#: J. H 
mony i Phys. Rev. 49, 921 (1936). Sc**: Kopferman and Wittke, 
Zeits. Physik 105, 16 (1937). Mn®: R. A. Fisher and E. R. Peck, 
Phys. ‘ho 55, 270 (1939). Co’*: K. R. More, Phys. Rev. 46, 470 
(1934). Cu®’.65; Tolanski and Forester, Proc. Phys. Soc. ‘sO, 826 (1938). 
Zn*’?: Lyshede and Rasmussen, Zeits. f. Physik 104, 434 (1937). Ga®®.”!: 
N. A. Renzetti, Phys. Rev. 57, 753 (1940). As’*: (a) Crawford and 
Bateman, Can. J. Res. 10, 701 (1934); (b) Schiiler and Marketu, 
Zeits. f. Physik 102, 703 (1936). The value 1.72 found in (b) disagrees 
so badly with 1.1 found in (a) and with 0.78 discarded in (b) that 
this perhaps discordant datum might legitimately have been omitted 
from Fig. 3. Kr®*: Kopfermann and Wieth-Knudsen, Zeits. f. pares 
85, 353 (1933); H. A. Bethe and R. F. Bacher, Rev. Mod. Phys. 8 
82 (1936). Rb**.87; P. Kusch and S. Millman, Phys. Rev. 
(1939). Sr8?: Heyden and Kopfermann, Zeits. f. Physik 108, 232 
(1938). Cb%*: W. W. Meeks and R. A. Fisher, appearing soon in The 
Physical Review (here by their kind permission). Ag'®’°: Jackson 
and Kuhn, Proc. Roy. Soc. 158, 372 (1937). Cd!".18; Schiiller and 
Keyston, Zeits. f. Physik 71, 413 (1931). In™*: T. C. Hardy, Phys. 
Rev. 60, 167A (1941). In™*: Millman, Rabi and Zacharias, Phys. 
Rev. 53, 384 (1938); D. R. Hamilton, Phys. Rev. 56, 30 (1939); 
T. C. Hardy, Phys. Rev. 59, 686A (1941). Sn'!’.."%; Schiller and West 
meyer, Naturwiss. 21, 660 (1933). Sb!!%; L alls; Eu!) 153; Ay! 
Th. Schmidt, Zeits. f. Physik 108, 408 (1938). ['?: Th. Schmidt, 
Zeits. f. Physik 112, 199 (1939). Xe!%*1%1; Kopfermann and Rindal, 
Zeits. f. Physik 87, 460 (1934); E. G. Jones, Proc. Roy. Soc. 1 
587 (1934); Bethe and Bacher, Rev. Mod. Phys. 8, 82 (1936). Balts.137 
‘A. N. Benson and R. A. Sawyer, Phys. Rev. 49, 867 (1936); C'* refer- 
ence. Yb!71.173; Schiiler and Korsching, Zeits. f. Physik 111, isc (1939). 
Lu!"5: H. Gollnow, Zeits. f. Physik 103, 443 (1936). Pt'®*: Th. Schmidt, 
Zeits. f. Physik 101, 486 (1936). Hg'**.*0!; Schiller and Jones, Zeits. 
f. Physik 74, 631 (1932). T1®°*.205; Schiiler and Schmidt, Zeits. f. Physik 
104, 468 (1937). Pb?°?: G. Breit and L. A. Wills, Phys. Rev. 44, 470 
(1933). Bi2®®: A. B. McLay and M. F. Phys. Rev. 44, 
986 (1933). 
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Fic. 3. Observed magnetic moments of the odd-proton nuclei. For sources of data, see footnote to Table ITT. 


moments almost equal, although their ratio is 
far from unity. In three cases, the ratios are 
conservatively given as 1.0, although they are 
very probably more accurately equal to unity 
than so few digits imply. They are cases in which 
the hyperfine splittings due to the two isotopes 
have not been separately resolved, but are 
almost surely superposed. 

There are almost as many cases in which the 
two isotopic nuclear spins are different as the 
same. This does not seem at all surprising: The 
addition of two neutrons may change the nuclear 
spin either by changing the “orbital’’ angular 
momentum Lh (of the (LS) coupling state which 
is predominant in the ground state) or the sign 
of the spin-orbit coupling, or both. (Change of 
the spin angular momentum Sh seems not to 
occur, S remaining 3.) But in the cases in which 
the addition of two neutrons does not change 
the nuclear spin, the two neutrons make practi- 
cally no difference in the magnetic moment 
either, in about seven out of twelve cases, and 
this is quite astonishing. 

In attempting to interpret this situation, one 
might first consider that the composition of the 
“orbital” angular momentum Lh is so complex 
that all of the particles contribute about equally 
to it on the average.” ** In the extreme case in 





2 (a) D. R. Inglis, Phys. Rev. 53, 470 (1938); (b) K. 
Way, Phys. Rev. 55, 963-(1939). 
24H. Margenau and E. Wigner, Phys. Rev. 58, 103 (1940). 


which this smoothing out is uniform for all 
nuclei, one would in effect have a “droplet 
model” of the ‘‘orbital’’ motion, and the “‘orbital”’ 
gyromagnetic ratio would be 


gr=N,/(Nr+N,) (11) 


in a nucleus with N, protons and N, neutrons. 
The addition of two neutrons, if they should have 
no effect on the spin gyromagnetic ratio, would 
then merely cause a slight algebraic decrease of 
the nuclear magnetic moment, such as is observed 
in the cases Ag and K. In the cases Cu, Re, and 
Tl, the change is of the wrong sign, but here it 
is still of the order of magnitude given by (11), 
and one might consider that the discrepancy in 
sign is not too serious if he had other reason to 
consider the ‘‘droplet model”’ a fair approxima- 
tion. But present ideas of nuclear composition 
do not justify the opinion that nuclear matter 
should behave as a vibrating liquid or solid even 
in the question of magnetic moments, useful 
though this concept may be in the problem of 
the stability of excited states.® At least some of 
the particles are considered to move past one 
another relatively much more rapidly than in 
liquids. In one elegant treatment of nuclear 
structure, which was developed by Wigner'‘” 
and applied to the problem of nuclear magnetic 
moments by Margenau and Wigner,” the 
saturation properties of the nuclear forces and 
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ALPHA-MODEL OF 
the approximate conservation of isotopic spin 
(which would be exact without strong tensor or 
Coulomb forces), are taken into account in a 
rather general way which, however, does not 
envisage the possibility of a geometrical cluster- 
ing into alphas. Their treatment would lead one 
to expect an average behavior given by (11), 
when the average is taken over several nuclei, 
but that the individual values would deviate 
rather widely from this average in an apparently 
random fashion. This is incompatible with the 
practically equal magnetic moments of several 
isotopic pairs,™ as listed in Table II. 

The equality of the pairs of magnetic moments 
may then be taken as an indication of the 
existence of more detailed structure than was 
introduced by Margenau and Wigner, a structure 
of a sort to make it likely that two neutrons may 
be added to a nucleus without changing the 
motions of the other particles very much. Both 
the ‘“Hartree’’ model and the alpha-model 
contain such a detailed structure—the former in 
momentum space and the latter in coordinate 
space. In the Hartree model one would expect to 
find a few cases, such as the case of K which 
has already been discussed elsewhere,” in which 
the two neutrons would be added to a closed 
shell and have only a rather small effect (in 
second order) on the magnetic moment. But in 
many more cases one would expect the two 
neutrons to be added to an unfilled shell and to 
change g, considerably in first order, as in the 
comparatively simple cases*® Be’—Be® and 
N8-N!), This is expected because of the high 
degree of degeneracy of those individual-particle 
levels which possess the larger angular momenta 
lh, in the spherically symmetrical case—there 
are several possible orientations of 1, all with 
the same energy. In the alpha-model’ of most 
nuclei, the degeneracy of the individual extra- 
neutron states would not be so great—different 
orientations of 1 relative to the body axes would 
involve different energies because of the lack of 
spherical symmetry (as will be discussed further 
below). For this reason, the two neutrons would, 
in the alpha-model, very often be added to an 
individual-particle state which was previously 
empty (in first order), and would affect gz only 
in higher order. Thus the alpha-model does seem 
to hold considerable promise of accounting for 


NUCLEAR 


STRUCTURE 845 
the observation that the addition of two neutrons 
makes very little difference in the magnetic 
moment in a large fraction of the cases in which 
it does not alter the nuclear spin. 

The second striking fact, which is closely 
related to the first, may be summarized by 
saying that magnetic moments of odd nuclei 
seem to be largely due each to the single odd 
particle.” In Fig. 3 are shown the observed 
magnetic moments yu of the odd-proton nuclei for 
‘nuclear spin,” or total 


‘ 


various values of the 
angular momentum, Jh. In Fig. 4, similarly, 
are those for the odd-neutron nuclei. The limits 
of error indicated by the vertical extent of the 
lines are estimated very roughly, largely on the 
basis of the degree of reliability which similar 
measurements on other nuclei have proved to 
have had, and may in many cases, be too broad. 
It is striking, both that the total range of the 
moments is not larger than it is (that large 
negative values do not occur in the odd-proton 
case, for example), and that the values of the 
magnetic moments in each case seem to fall into 
two groups. The division into two 
groups is sufficiently striking that it seems very 
much more likely to be significant than to be 
the result of chance. It must, of course, still be 
regarded as subject to cancelation by extension 
and refinement of the observations, but it was 
noted and discussed when the data were much 
more sparse and uncertain than now, and it has 
so far stood “the of time.”” The further 
testing of this division into two groups is one of 
the most interesting tasks for future investigation 
of the magnetic moments of intermediate and 


apparent 


test 


heavy nuclei. 


Of the magnetic moments which have already been 
measured, that of Co®* is the most in need of further inves- 





Fic. 4. Observed magnetic moments of the odd-neutron 
nuclei. 
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tigation. The electron configurations of the atom are very 
complex. The present measurement is based on the h.f.s. 
of one level, in which a rather indefinite allowance was 
made for coupling of the nucleus to other-than-s electrons 
by More (see footnote to Table III) who concludes that 
the value of » “probably lies somewhere between 2 and 3 
nuclear magnetons,”’ not at 3.5, the value to be had by 
considering the s electron only. The latter value is plotted 
in Fig. 1 of Margenau and Wigner’s paper,™ and slightly 
obscures the appearance of a division into two groups in 
that figure, although one or two exceptions would still leave 
a rather surprising degree of division. 

The mere division into two groups would be 
expected from such a “‘structureless’’ model as 
the ‘droplet model.’’ The predominant occur- 
rence of the spin (that is, spin part of the 
angular momentum, not “nuclear spin’’) quan- 
tum number S=}3 is almost inevitable for any 
forces leading to saturation and to vanishing 
nuclear spins Ji of even-even nuclei. If the spin 
gyromagnetic ratio gs is never very small, and 
if g, does not vary very much from one odd- 
proton nucleus to another, one would expect a 
division into two groups, one group correspond- 
ing to the occurrence of the nuclear spin quantum 
number J=L+34 and the other to /=L—}, that 
is, to the two possible orientations of the spin 3h 
relative to the orbital angular momentum. The 
division into two groups is also compatible with 
the ‘‘Hartree’’ and alpha-models, and with the 
treatment of Margenau and Wigner* so long 
as one sticks to supermultiplets with S=} and 
to some semblance of (ZS) coupling—the 
deviations from the value of gz, given by (10) 
would not necessarily be large enough to make 
the two groups merge. The division into two 
groups is thus not alone a reason for preference 
of one model over another, but is an indication 
of a rather close approximation to (LS) coupling 
in nuclei. This in itself is slightly surprising in 
the light of other indications of tensor inter- 
actions, which, if strong, would tend to destroy 
this coupling scheme by mixing states of various 
values of L and S. It is because of the division 
into two groups that we are justified in attribut- 
ing the nuclear magnetic moment to an “‘orbital”’ 
part gzLuy and toa spin part gsSuv, compounded 
as vectors by use of the familiar ‘“quantum- 
mechanical cosines” (Landé formula). 

The most astonishing aspect of the division 
into two groups is that the two groups are so 
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situated as to indicate an average value of gz as 
high as about j in the odd-proton case and as 
low as { in the odd-neutron case,* very near 
the values 1 and 0 which would be caused by a 
single proton and by a single neutron, respec- 
tively. That is, the magnetic moments of the 
odd-proton nuclei are in general considerably 
higher, and those of the odd-neutron nuclei are 
considerably lower, than they would be if the 
average value of g, were given by (10), and this 
can be accounted for by attributing the orbital 
angular momentum almost entirely to one or 
several protons in the odd-proton case and to 
one or several neutrons in the odd-neutron case. 

This apparent participation of predominantly 
one kind of particle in the “‘orbital’’ motion of a 
nucleus is another strong indication of the 
presence of some detailed structure in nuclei. 
Both the alpha-model and the ‘‘Hartree’’ model 
contain some structure of the sort required to 
keep the orbital moments of the protons and 
neutrons separated,**™ but of the two the alpha- 
model seems to be much the better suited to 
account for the situation. 

In the central-field or ‘‘Hartree’’ model, one 
has some of the required structure only in nuclei 
with a sufficiently large neutron excess that the 
highest-energy neutrons are in a different shell 
from the highest-energy protons. In these cases 
one might, as a rough approximation, consider 
the like-particle orbits in unfilled shells to be 
coupled together somewhat more strongly than 
the unlike-particle orbits, because of the effect 
of orthogonality of single-particle wave functions 
in reducing the value of matrix elements con- 
taining them (an effect which is extreme in the 
long-range and short-range limits, but might 
almost disappear in between these limits).** At 
least with some types of attractive interaction, 
there is a tendency of an even number of like 
particles to form an S state (with their total 
L equal to zero).?*»© In this rough approxima- 
tion the orbital moment of only the odd particle 
would remain. The roughness of the approxi- 
mation used, the expectation that second-order 
modifications would be important in heavy 
nuclei, and the limited applicability cast grave 
doubt on the plausibility of this explanation in 
terms of the ‘‘Hartree’”’ model. 

In the application of the alpha-model to this 
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problem, the considerations of Teller and 
Wheeler,” concerning the related problem of the 
rotation of nuclei made up solely of alphas, are 
of decisive importance. They have shown that a 
really rigid alpha-framework is not compatible 
with the apparent lack of rotational states of 
very low excitation energy in intermediate and 
heavy nuclei, but that a non-rigid assembly of 
alphas would have no rotational states lying 
between the zero state and about the eighth 
(for heavy nuclei). In this non-rigid assembly, 
the binding between alphas must be sufficiently 
elastic that the interchange of alphas, from one 
position to an equivalent position, by means of 
a combined vibrational and small rotational 
motion does not involve the penetration of a 
high potential barrier. A potential trough so 
*broad that its breadth is comparable to its range, 
such as AE in Fig. 2, acting between the pairs of 
alphas, would be expected to vield a sufficiently 
non-rigid framework. 

The problem of the disposal of excess neutrons 
in such a non-rigid framework is a complex one 
which has been adequately solved. One 
may expect them to act to some extent like 
conduction electrons in a metal—perhaps a 
molten metal—providing an additional binding 
between the alphas (as is required to oppose the 
Coulomb repulsion in heavy nuclei). Any analogy 
of alphas to bricks and neutrons to mortar is, 
of course, meant in a non-rigid manner—the 
additional binding would be expected to be even 
less rigid than that provided by AE of Fig. 2, 
for example. Nor is it implied that the neutrons 
move only through and between the alphas- 
it is quite likely that most of each single a- 
particle wave function may correspond to motion 
around the outside of the framework of alphas. 
Judging by the binding energies and the opinion 
that the inter-particle interaction is deeper than 
the inter-alpha-interaction, one expects that an 
excess neutron has much more kinetic energy 
than is associated with the center-of-mass motion 
of one alpha. One may thus consider the approxi- 
mation in which the period of the ‘“‘orbital’’ 
motion of a single neutron is short compared 
with the period of vibration of the alpha- 
framework from one configuration of minimum 
energy to another. The single-particle wave 
 %E. Teller and J. A. Wheeler, Phys. Rev. 53, 778 (1938). 
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functions would then be determined by a field 
varying “‘slowly”’ between two extreme positions 
of the same symmetry but differing orientations. 
The system would remain in the extreme 
positions most of the time, and the disposal of 
the excess particles would be similar to that in a 
rigid framework. 

The problem of the 
contains some features of the problem of the 
existence of ferromagnetism in metals (competi- 
tion between the effects of the Pauli antisym- 
metry on the interaction of the particles with 
each other and on the interaction of the particles 
with the field), and some features of the problem 
of the order of S, P, D, +, states in atoms 
(Hund’s rule) or of &, II, A, <=>, 
molecules. The non-ferromagnetic state of lowest 
multiplicity has lowest energy in most metals 
because the tendency toward ferromagnetism 
due to the repulsive interaction of the electrons 
is weaker than the effect of the Pauli antisym- 
metry on the interaction of the electrons with 
the atoms. In nuclei the same result may be 
expected for quite a different reason: the states 
with S,=0 (if the number of neutrons is even, 
or 3 if it is odd) lie lowest because the attractive 
interaction of the neutrons makes a tendency 
away from ferromagnetism, and this tendency 
is expected to be stronger than any effect of their 
interactions with the field of the alphas, because 
the saturation of the forces makes the neutron- 
alpha-interactions weaker than those between 
neutrons. This reason is not quite adequate to 
deal with all types of interactions—it is rather 
general but may be modified by exchange 
operators. The coupling anticipated between an 
odd-proton spin and the neutron spins is weaker 
because it is not governed by the Pauli antisym- 
metry. Thus the spin part Sh of the angular 
momentum of an odd-proton nucleus is expected 
to consist primarily of proton spin, as required 
empirically by the separation between the two 
groups of magnetic moments. The odd-neutron 
nuclei are similarly expected to have Sh made up 
mostly of neutron spin. 

As regards orbital motion, calculations of up 
to six p particles and up to four d particles lead 
to the conclusion that attractive (primarily 
space-exchange) interactions favor S states, but 
not in configurations of many more particles, 


interacting neutrons 


states in 
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such as would be encountered in the ‘“Hartree”’ 
model of heavy nuclei.*® Although such calcula- 
tions have not been made for the alpha-model 
of any heavy nucleus, the results which are 
available for the ‘‘Hartree’’ model, together with 
the expected low degree of degeneracy of the 
single-particle states in the alpha-model, lead 
one to expect the 'S state of an even number of 
excess neutrons in the alpha-model to be well 
isolated below the other states, in agreement 
with the observed vanishing of the moments of 
even-even nuclei. If a single proton should be 
added, its coupling with the neutrons would be 
expected to be weak, because of the supposedly 
large energy difference between the 'S and the 
next higher state of the neutrons. 

The great advantage of the alpha-model here 
lies in the fact that it allows only a single proton 
to move freely around the framework of alphas 
in an odd-proton nucleus, and none in an odd- 
neutron nucleus. It is much more plausible that 
a single proton should move independently of 
the neutrons than that the motions of several 
protons should be coupled to one another but 
not to the neutron motion. 

We have as yet considered only those states 
in which the framework of alphas does not rotate. 
If the order of the rotational states were normal, 
one would expect rather strong intermixture of 
several rotational states to form the ground state 
of the nucleus. In an odd-proton nucleus with a 
body-axis component of the proton orbital mo- 
mentum characterized by the quantum number 
A=1, for example, we would have the states 
possessing the rotational quantum numbers R=0, 
1, and 2 combined to form a ground state with 
total ‘‘orbital’’ quantum number ZL =1. (In keep- 
ing with molecular terminology, we should speak 
of K, rather than L, if the states with R¥0 were 
important. In diatomic molecules, one usually 
speaks of rotational quantum number JN, rather 
than R, but this implies a body angular momen- 
tum normal to the body axis, which is not the 
case here.) The orbital gyromagnetic ratio gz, 
would then be a weighted average of the approxi- 
mate values 


1 for the state with R=0, 
($+1)/2=3 eee er “ R=!1, 
(2*#-1)/2=0."% “ “ “ R=z2. 


26 Reference 23 (a), Section III. 
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(If the excess neutrons were taken into account, 
the rotational gyromagnetic ratio } here used 
would be replaced by a slightly smaller value, 
about as given by (10).) If these states were 
weighted about equally, the resultant g, 
would be considerably less than the empirical 
value g,~{. The extent to which the wave 
function with R=2, for example, is mixed into 
the ground state is expressed in perturbation 
theory by a coefficient of the form 


c=[SfRY,(2Vi;) Rp dr | (E2— Ep), 


where R™” and y,” are the rotational and odd- 
proton wave functions, respectively, and Ep is 
the energy of the Rth rotational state. The 
integral in the numerator is the matrix element 
of the entire interaction, between the two states. 
Exchange has been ignored in writing it. It & 
of such a form that it would express the binding- 
type potential energy of the odd proton, but for 
the partial cancelations of various parts of the 
integration due to the orthogonality of the two 
wave functions involved. The cancelation might 
reasonably be expected to reduce the value of 
the integral by a factor of ten or twenty, but 
probably not by as much as a hundred. The 
integral would then probably have a value of the 
order of magnitude mc*. The spacing between the 
rotational levels, E2—E», would have the order 
of magnitude mc?/10 if the spacing were normal. 
The important remark of Teller and Wheeler” 
leads us to expect the elevation of the first and 
second rotational states to exceed that of the 
eighth, so they are probably higher than mc’. 
The coefficients c; and cz need be only as small 
as } or 4 to suppress the states R=1 and 2 
sufficiently, since they enter quadratically in 
the weighted average of the magnetic moments. 
It is thus plausible that the coefficients are 
small enough to make g, ~#, in the light of the 
remark of Teller and Wheeler, though this would 
hardly be plausible without their considerations. 
Although the details are far from complete, we 
may say that the regularities cited among the 
magnetic moments of intermediate and heavy 
nuclei seem reasonably plausible on the basis of 
the alpha-model, and at present only on this 
basis. 

This interpretation of the distribution of magnetic 
moments stands in extreme contrast with the interpretation 
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TABLE IV. Nuclear quadrupole moments.* 








I u/uNn Q/(10-*4 cm?) 
,H? 1 2.79 — 0.003 
egCu®™ 3/2 2.43 —0.1 
2gCu® 3/2 2.54 —0.1 
1Ga® 3/2 2.11 0.2 
31Ga™! 3/2 2.69 0.13 
33As 3 2 1.6 0.3 
ser 9/2 —1.0 0.15 
agin! 9/2 5.43 0.84 
531! 5/2 2.8 0.8(?) 
syXxel! 3/2 0.7 0+0.1 
e3Eu! 5/2 3.4 ee 
esEu's 5/2 1.5 2.5 
7¥ b'3 5/2 —0.7 3.9 
7mLu® 7/2 2.6 5.9 
7Lul6 27 3.8 7 
75Re!® 5/2 3.3 2.8 
75Re!8? 5/2 3.3 2.6 
75 
soHg™! 3/2 —0.6 0.5 
3B 9/2 3.6 —(0.4 








* The sources of the data in Table IV are: H: Reference 17. Cu: 
Schiiler and Schmidt, Zeits. f. Physik 111, 165 (1938). Ga: Schiiler 
and Korsching, Zeits. f. Physik 103, 434 (1936). As: Schiiler and 
Marketu, Zeits. f. Physik 102, 703 (1936). Kr; Xe: H. Korsching, 
Zeits. f. Physik 109, 349 (1938). In: D. R. Hamilton, Phys. Rev. 56, 
30 (1939). I: S. Murakawa, Zeits. f. Physik 112, 234 (1939); compare 
Th. Schmidt, Zeits. f. Physik 112, 199 (1939). Eu: Schiiler and Schmidt, 
Zeits. f. Physik 94, 457 (1935); H. Casimir, Physica 2, 713 (1935). 
Yb: Schiiler, Roig, and Korsching, Zeits. f. Physik 111, 165 (1938). 
Cp: H. Gollnow, Zeits. f. Physik 103, 443 (1936) ; Schiiler and Gollnow, 
Zeits. f. Physik 113, 1 (1939). Re: Schiiler and Korsching, Zeits. f. 
Physik 105, 168 (1937). Hg: Schiiler and Schmidt, Zeits. f. Physik 
98, 239 (1935). Bi: Schiiler and Schmidt, Zeits. f. Physik 99, 797 (1936). 


proposed by Margenau and Wigner.*% They do not recog- 
nize as significant the apparent division into two groups 
in each of Figs. 3 and 4, but they do attempt f% interpret 
the fact that the observed magnetic moments extend to 
higher values in Fig. 3 and to lower values in Fig. 4 than 
one would expect on the basis of equation (10) and the 
assumption S=}. This they attribute to the frequent 
strong admixture of states with S= 3, which obviously may 
have much larger or smaller magnetic moments, depending 
on the orientation of S relative to L, than have states with 
S=}. One would also expect on this basis the rather sym- 
metrical occurrence of lower values in Fig. 3 and higher 
values in Fig. 4, which are not observed. Thus the trend 
of the observed magnetic moments to one side of the 
“expected” region, as well as the apparent division into 
two groups, is not explained by their formally very elegant 
treatment of the problem. 


Third, we come to a striking regularity among 
observed nuclear electric quadrupole moments, 
Q, which are listed in Table IV. As far as they 
have been observed, the large quadrupole moments 
are all positive and are found in the region of the 
periodic table between atomic numbers sixty and 
eighty, rising to a maximum near atomic number 
seventy, in the rare earths. The observed quad- 
rupole moments show no distinction between 
odd-proton and odd-neutron nuclei, except that 
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the few negative quadrupole moments occur only 
in odd-proton nuclei. The existence of a quad- 
rupole moment 
Q= > (32?—r*)y 
protons 

indicates a deviation from a spherically sym- 
metrical average charge distribution within the 
nucleus. A positive value indicates a distribution 
extended along the axis of the nuclear spin Jh 
(prolate or cigar-shaped nucleus) and a negative 
value implies a flattening toward the plane 
normal to this axis (oblate or doorknob-shaped 
nucleus). A deviation from the _ spherically 
symmetrical shape is easily provided, for most 
nuclei, by the alpha-model. The problem of the 
energetically favorable packing of spherical 
alphas has been discussed in this connection by 
Wefelmeier,” who has shown that the most 
elongated framework of alphas is expected in the 
neighborhood of atomic number 71, just where 
the largest quadrupole moments are observed. 
The problem of the orientation of the alpha- 
framework relative to the total angular momen- 
tum, Jh, has been discussed by Fano,** who 
showed that it is at least plausible that the 
orbital angular momentum of a single proton or 
neutron should be oriented along the long axis 
of an elongated nucleus.” If S is only }, as is 
strongly indicated by the regularities among 
the magnetic moments discussed above, the 
average direction of the orbital angular momen- 
tum, Lh, is the direction of J. The natural 
explanations of the magnetic-moment regular- 
ities and of the quadrupole moments are thus 
closely related and entirely compatible. 

An alternative mechanism to provide an 
elongated nucleus on the basis of the “droplet 
model” has _ been Weizsiacker, 
treating the competition between the deforming 
tendency of the Coulomb force and the restoring 
tendency of the surface tension.*® Considering 
only ellipsoidal deformations, he found a small 
range of stability, but Bohr and Wheeler® 
have shown that the charged droplet is unstable 
in this range relative to deformations of the form 


proposed by 


77W. Wefelmeier, Naturwiss. 25, 525 (1937); Zeits. f. 
Physik 107, 332 (1937). 
%U. Fano, Naturwiss. 25, 602 (1937). 


27°C. F. v. Weizsacker, Naturwiss. 27, 133, 277 (1939). 
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r(6) =c(3 cos*@—1), and the droplet is only 
stable in the spherical form. 

The principal assumption involved in this 
treatment is that the body energy is proportional 
simply to the volume of the nucleus, and 
otherwise independent of the shape (which 
affects the surface-tension term and the Coulomb 
term only). One might profitably modify the 
body term in the droplet model to favor those 
shapes which allow the compact packing of 
alphas. But the existence of large positive 
quadrupole moments in the region of the rare 
earths suggests that the alpha-model, rather than 
the droplet model, should be taken as the 
first approximation, leaving the less important 
surface-tension and Coulomb effects to be 
introduced possibly as corrections. 

The fact that negative quadrupole moments 
occur only in the odd-proton nuclei is also in 
nice accord with the assumption that one 
particle is chiefly responsible for the orbital 
angular momentum. A single proton moving in 
any state but an s state has a negative quadru- 
pole moment, and this may determine the sign 
of the nuclear quadrupole moment, if the 
framework of alphas is nearly spherically sym- 
metrical. The nucleus of »sFe is most favorably 
made up of an essentially spherical structure of 
thirteen alphas,*® and the two isotopes of e9Cu 
possessing negative quadrupole moments follow 
this closely in the periodic table. 


The extra alpha in o9Cu beyond the thirteen which make 
up a spherical structure presents a difficulty of detail. It 
would be interesting to know whether the element which 
is simpler in this respect, 27Co, has a larger negative quad- 
rupole moment than Cu, as the simplest picture leads one 
to expect, but this is difficult to observe because of the 
complex atomic configurations involved. The other nucleus 
having negative quadrupole moment, s;Bi?°*, follows mass 
number 76 (38 alphas again form a spherical structure?’) 
rather remotely, with the positive moment of s9Hg?® 
appearing in between. This presents further difficulty of 
detail, and makes doubtful the expectation that the quad- 
rupole moment of Co should be negative. It has been 
suggested that the stability of a framework of alphas 
might require one or several alphas to be dissolved in the 
“mortar” which helps to bind the remaining alphas 
together.?? 

It would also be interesting to determine whether the 
quadrupole moments of Tl, Cd, Sn, and Xe"® are actually 
very small. According to our interpretation of the magnetic 
moments, they possess, in first approximation, an odd 
particle in an s state. The’nuclear spin would then not be 
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coupled to the asymmetry of the alpha-framework in the 
same way as has been supposed for other nuclei, and the 
quadrupole moment would vanish in this approximation. 
A higher-order coupling, perhaps by tensor forces, could, 
however, easily introduce a quadrupole moment. 


Among the lighter nuclei, a number of indi- 
vidual magnetic moments have been calculated 
in first order both by the alpha-model and by 
the “Hartree” model.*“ *° Aside from the case 
of Li’, the two models have been about equally 
successful in accounting very roughly for the 
magnetic moments (or equally unsuccessful, 
according to one’s point of view). The observed 
magnetic moments are in general smaller in 
magnitude than the theoretical results. This is 
in agreement with the expectation that higher- 
order admixture of excited states would tend to 
reduce the magnetic moment, toward the average 
magnetic moment of all the possible excited 
states. An example of such admixture has been 
discussed in greater detail*' in the case of Li’. 
The extent of the division of nuclear magnetic 
moments into two groups, in Figs. 3 and 4, 
suggests the particular type of admixture which 
may be described as diluting the spin angular 
momentum Sh with neutron spin in the odd- 
proton case, or with proton spin in the odd- 
neutron case, still preserving the meaning of the 
quantum numbers LZ and S. This type of devia- 
tion from the first-order result also suffices to 
reconcile the experimental and theoretical results 
(with either model) for the individual light 
nuclei (still excepting Li’). The magnetic mo- 
ment of Li’ definitely favors the alpha-model of 
that nucleus,*' * although even with this model 
the experimental value slightly exceeds the 
theoretical—a discrepancy in the serse not 
anticipated by the above discussion of admix- 
ture.*° In this and similar light nuclei, the 
alpha-model involves exchange between an 
alpha and a triton.**° The model involving this 
concept is expected to apply to Li’ better than 
to the other appropriate light nuclei, because 
the binding of the triton to the rest of the 
nucleus is considerably less than the internal 
binding energy of the triton in the case of Li’ 


% (a) D. R. Inglis, Phys. Rev. 55, 329 (1939); (b) 56, 1175 
(1939); (c) R. G. Sachs, Phys. Rev. 55, 825 ( 1939). 

3 —D. R. Inglis, Phys. Rev. 53, 880 (1938) 

32H. A. Bethe, Phys. Rev. 53, 842 (1938). 
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only—in other cases the triton would be greatly 
distorted.*°®) The alpha-model with a triton is 
more sensitive to higher-order corrections and 
less apt to be successful than is the ordinary 
alpha-model, and the fairly satisfactory success 
in Li’ helps to make plausible the application 
of the ordinary alpha-model to intermediate and 
heavy nuclei. 

The data which we have discussed, though 
evasive in detail, present an impression of 
coherence in broad outline, which is shattered 
only by the astounding nuclear spin and mag- 
netic moment of K*® recently announced by 
Zacharias :** J=4, w= —1.29ux. Whether or not 
L and S are good quantum numbers, the ground 
state may be described in terms of one or several 
(LS) coupling states, which must have pre- 
ponderantly negative magnetic moment. We 
consider the states 'Gy, *FGH,, *DFGHI;, etc., 
as possibilities. The orbital gyromagnetic ratio 
g, is practically always positive (or zero for pure 
neutron motion) so 'G, is unsatisfactory. In a 
triplet state, the spin gyromagnetic ratio gs 
would, if we judge by the lighter odd-odd nuclei, 
be positive and not greater than the deuteron 
value, 0.85. Of the triplet states, only *#7, has 
the spin ‘‘pointing backwards” to give a negative 
contribution, and for it 


u(?Hs) = (4)(6g.—g2s) uy, 


which is positive for any reasonable value of gr. 
In a quintet state it is much more likely that the 
spin gyromagnetic ratio should be strongly 
negative, making a negative magnetic moment 
with the spin ‘‘pointing forward,”’ as in the 


38 J. R. Zacharias, Phys. Rev. 60, 168 (1941). 
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state °D,, for which we have 
u(®D,) =2(gr+2¢s) un. 


In either the alpha-model or the ‘“Hartree”’ 
model of K*°, there are three neutrons and one 
proton left over to contribute to the magnetic 
moment in first order, and one expects that S, 
if it is as large as 2, would be made up of three 
neutron spins and one proton spin, making 
gs=(2.78—3X1.92)/2= —1.49 in first order. If 
gr, were about }, as one would expect from the 
numbers of particles participating, u(°D,) would 
be about —2.5uy, a sufficiently large negative 
value to give rise, with admixture of other 
states, to the negative value observed. The 
state °F, would have the magnetic moment 
(13g,+7gs)un/5 ~ —1.5un, which is also negative 
and sufficiently large. Those of the other quintet 
states are not. We conclude that the ground 
state of K*° is preponderantly 5D, and perhaps 
5F,. If the ground state is thus essentially a 
quintet state, three neutron spins are parallel to 
one another (and to one proton spin). All other 
nuclear moments, especially the vanishing nu- 
clear spins of even-even nuclei, demand the 
assumption that like-particle spins tend to 
orient themselves anti-parallel to one another. 
This result is also expected of simple attractive 
forces and the Pauli principle. The reason for 
an exception in the case of K*° is not at present 
apparent. The heavier odd-odd nucleus ;;Lu'’® 
listed in Table III presents no such problem: 
it may well be preponderantly a triplet, as are 
the lighter odd-odd nuclei, and probably *J;, 
having two odd particles each with the orbital 
quantum number 3, like the one in the neigh- 
boring nucleus ;,;Lu™®. 
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The average energy, ¢e, which is required to produce an ion pair in xenon by use of x-rays of 
wave-length between 0.12A and 0.26A as a source of energy, was determined. Two measure- 
ments of the power were made; one with a lead disk thermopile which absorbed 97 percent of the 
incident radiation and the other with a thin silver disk thermopile which absorbed 8.9 percent. 
The ionization measurements were made with a glass ionization chamber which was filled with 
xenon at a pressure of 2.22 atmospheres. This chamber absorbed 15.9 percent of the incident 
radiation. The value of e was found to be 21.3+0.8 electron-volts. 


INTRODUCTION 


HE purpose of this investigation was to 

determine the average energy, €, which is 
required to produce an ion pair in xenon by 
moderately hard x-rays. 

Since € is a slowly varying function of the wave- 
length! in this region, the value which was 
determined in this experiment may be useful over 
a wide range in the hard x-ray region for xenon- 
filled ionization chambers. 

The work of many experimenters* using slow 
electrons as sources of energy shows that e is 
markedly higher for electrons of low velocity. 
Gerbes” correction of Eisl’s* values shows that e 
for air is about 4 percent higher for incident 
electrons of 10-kev energy than for electrons of 
60 kev, although nearly all of the increase occurs 
below 20 kev. 

The comparison of values of ¢, which are 
determined with electrons as the ionizing agency, 
with those in which x-rays are used, is simple only 
if the gas is pure and if the energy which is 
required to remove an electron from an atom is 
small compared to the energy of an incident 
electron or quantum. For example, Gaertner,‘ 
using x-rays of wave-length 1.54A, has de- 
termined the absolute value of ¢ for argon to be 
28.4 electron volts. The primary processes are 
the production of photoelectrons having energies 
of 4.8 kev and of some Auger electrons having 

1 W. Gerbes, Ann. d. Physik 23, 648 (1935). 

? Among others: J. Thomson, Proc. Roy. Soc. of Edin. 
51, 127 (1930-31); H. Pigge, Ann. d. Physik 20, 233 
(1934); L. Freund, Ann. d. Physik 22, 748 (1935); G. A. 
Anslow and M. Watson, Phys. Rev. 50, 162 (1936); 
E. Breunig, Ann. d. Physik 25, 467 (1936). 


7A. Eisl, Ann. d. Physik 3, 277 (1929). 
*O. Gaertner, Ann. d. Physik 21, 564 (1934-35). 


energies of 3.2 kev. An extrapolation of Gerbes’® 
electron values for argon gives 28.4 electron volts 
at about 4.5 kev. 

In experiments with gas mixtures such as air, 
there is an additional complication that argon, 
which constitutes 1 percent of the gas, absorbs 10 
percent of the x-rays of wave-length 1.54A. The 
ion pairs are produced by electrons having 
energies of 8 kev, 4.8 kev and 3.2 kev. For these 
reasons even the relative values of ¢, which are 
determined by 8-ray sources, will not agree with 
those which were determined by x-ray sources 
except in special cases. 


GENERAL PLAN OF EXPERIMENT 


The problem of determining ¢ splits into two 
parts; that of determining the power in an x-ray 
beam by a measurement of the heat evolved and 
that of determining by an ionization current 
measurement the number of ion pairs produced 
by the same or a related x-ray beam. 

The total x-ray power, Po, of a beam passing 
through an aperture 0.500 cm in diameter was 
measured by allowing the x-rays to be absorbed 
in a thick lead disk. The power was calculated 
both from the rate of increase of temperature and 
from the ultimate temperature. Because the disk 
was thick and because the AK radiation was not 
excited the losses other than conversion to heat in 
this case were small. This was checked by a 
second thick lead disk thermopile of different 
design. 

The ideal method would have been to absorb 
completely this same x-ray beam in a xenon- 
filled chamber and measure the saturation cur- 


5 W. Gerbes, Ann. d. Physik 30, 169 (1937). 
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rent. This seemed impractical. A much smaller 
chamber which absorbed approximately one-fifth 
of the primary radiation was used. A smaller 
aperture 0.0676 cm in diameter was necessary in 
order to obtain a saturation current without 
producing ionization by collision. The absorption 
from the x-ray beam was calculated and then the 
saturation current, io, which would have been 
produced by the ideal method was computed. 
The average energy, ¢, in electron volts, which is 
required to produce an ion pair, is «= Poe/iy 
where Po=power in electron volts per sec., 
i9=saturation current, and e=charge of an 
electron. 

A second determination of ¢€ was made in which 
the power was calculated from the ultimate 
temperature of a thin silver disk. The unde- 
termined losses of the silver and the xenon were 
comparable and a systematic error of these 
losses had little effect on the ratio which was used 
to find e. This is true because the atomic numbers 
of silver and xenon are nearly the same and 
because each absorbed only a small fraction of the 
x-rays. However the experimental error in this 
method was higher. 


POWER MEASUREMENTS 

The x-rays were produced in a G.E. model 
XPT tube. The tube was operated on half-wave 
rectified voltage of 100 peak kv and the current 
in the tube was 25 ma. The tube was mounted in 
a lead box which was filled with oil. The x-rays 
were filtered consecutively by the tube wall, 2 cm 
of oil, 1 mm of Cu and 1 mm of Al. 

Microphotometric measurements of a film, 
which was exposed to the diffracted beam from a 
calcite crystal, were used to obtain the curve 
shown in Fig. 1. A correction was made for the 
different absorption of the various wave-lengths 
by the film. No correction was made for either the 
percent reflected from the crystal for different 
wave-lengths or for the effect of the fluorescent 
screens. 

For the power measurements the beam was 
limited by the focal spot whose projection on a 
plane perpendicular to the beam was 1 cm by 0.3 
cm. The beam was also limited by a circular 
aperture 20 cm from the focal spot. The aperture 
for all power measurement was 0.500 cm in 
diameter. An additional circular aperture 0.9 cm 
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Fic. 1. Intensity in arbitrary units as a function of 
wave-lengths in angstroms. 


in diameter was placed 14 cm from the target to 
limit scattered radiation. A lead shutter was used 
to shut off the x-ray beam without electrical 
disturbance. 

A holder was rigidly attached to the slit system 
so that the thermopiles and ionization chamber 
could be removed and accurately replaced. 

Three thermopiles were used. The absorption 
blocks of thermopile A were made of two circular 
lead disks superimposed so that the x-rays were 
absorbed by 0.0954 cm of lead which was the sum 
of the thicknesses. The disks were electrically 
insulated from each other by a little pyroxylin so 
that the thermocouples could be placed in series. 
The thermal capacity of each disk was calculated 
to be 0.00560 cal./C. 

The absorption blocks of thermopile B were 
made of two semicircular electrically-insulated 
lead disks which were fitted together to form a 
circle. The x-rays were absorbed by the thickness 
of either disk which was 0.0886 cm. The thermal 
capacity of each disk was 0.00520 cal./C. 

The absorption block of thermopile C was 
made of a single circular silver disk with a 
thickness of 0.00250 cm and a thermal capacity 
of 0.000463 cal./C. 

In each case the thermocouple wires were 
No. 40 Nichrome and constantan which were cut 
from a piece which had been calibrated. The 
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Fic. 2. Galvanometer deflections, y, as a function of the 
distance on a circumference of the drum. x/f=0.272 cm/sec. 
in the curve for thermopile A. x/t=3.35 cm/sec. for ther- 
mopile C. 


amounts of solder and pyroxylin which were used 
were of correction magnitude. The disks were 
suspended in air by the thermocouple wires from 
the cold junctions which were copper blocks. The 
thermopiles including the cold junctions were sur- 
rounded by brass cases. The windows of the ther- 
mopiles were the same as that of the ionization 
chamber, i.e., 0.096 cm of glass and 0.005 cm of Al. 

For a measurement of the power a thermopile 
was placed in series with a galvanometer and a 
record of the galvanometer deflections as a 
function of time was obtained by allowing the 
galvanometer spot to strike on a film which was 
on a uniformly-rotating drum. 

From the application of the conservation of 
energy to the disks the electromotive force, E, 
developed by the thermopile is 

oP 

E=—(1—e~*') 

WwW 
where o=the e.m.f. due to unit temperature 
difference, P=power absorbed in the disks, 
w=an experimentally determined constant (de- 
pending on the thermal capacity of the disk and 
the constants of heat transfer from the disk), and 
C=the thermal capacity of one disk. Then the 
usual galvanometer equation becomes 


d*y dy y*boP 
— rr ial adie “at. 


dt* w 


Since in this experiment w> 8, the solution of the 


equation becomes after a time 


boP 
y=—(1—Ae™), (1) 
w 
where 
y* 
A= : 
w* — 2Bw+y¥" 
At 
(=x, 
v.=beP/wC (2) 
and 
P=wCy,./be. (3) 


From Eqs. (1) and (2) 


—log (1—v/yv.) =wt—log A. (4) 


As shown in Fig. 2, w was determined from the 
slope of the graph of Eq. (4) with experimental 
values of y/y. and ¢t. A check on the value of w 
was made from the values of 8, y and A. The 
values of 8 and y of the galvanometer were 
determined from the calibration trace. From 
Eqs. (1) 
Ce*! dy 
P=—— —. (5) 
beA dt 


Equations (3) and (5) were used to determine the 
power absorbed. 

From a calibration of the thermocouple wires ¢ 
equals 39.4 10-* volt/°C. 

Table I shows values of the power absorbed in 
the disks of thermopile A. These values were 
calculated from individual values of 8, w, ¢t, etc 
The following are average values of these data; 
b=4.93 X 10®cm/volt ; w= 0.0440 sec.-'; A = 1.09; 

«= 2.68 cm. The time rates of deflection of the 
galvanometer were of the order of 0.1 cm/sec. 


TABLE I. The power absorbed in the disks of eee A. 











THERMAL CALCULATED 
FILM CONDITION VALUE OF 
Num- Tim! OF POWER IN 
BER IN SEC THERMOPILE CaL./SECc. 
1 20 equilibrium 3. 37 X 107% 
1 7.35 heating 3.46 
1 11.03 heating 3.44 
1 7.35 cooling 3.46 
1 11.03 cooling 3.46 
2 oo equilibrium 3.35 
2 7.35 heating 3.41 
2 11.03 heating 3.52 
2 7.35 cooling 3.42 
2 11.03 cooling 3.53 
a (3. Mane) 10- 6 cal./sec. 
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The power absorbed by the thick lead disks of 
thermopile A was 144.0+0.5 ergs/sec. 

In case of measurements with thermopile C, 
the galvanometer deflections were so small that 
the films were magnified 12.4 times. The trace 
was then about 2 mm wide with a fairly definite 
edge. The following data were taken from an 
average of ten films. 6=6.41X107 cm/volt; 
w=0.55 sec.-'; B=0.85 sec.-'; y=0.95 sec.—!; 
A =3.45. By Eq. (2) the power absorbed in the 
thin silver disk of thermopile C was 9.9+0.3 
ergs/sec. 

To calculate the incident power, Po, from the 
absorbed power, P, when the photoelectrons are 
not all absorbed,* A. H. Compton’s’ equation 
becomes 

P=(FR—Q)Po 
where F is the fraction of the x-rays which is 
removed from the main beam and is equal to 
1—e'. R is the fraction of the power, FP», 
absorbed in the thermopile or chamber if no 
electrons escape from it. 
rr—l1 X o 
R=1-—wr- -¢~ "Kd ——¢ (6) 
wh Yr XKe Mm 
Here Q is the fraction of the power, Po, which 
escapes as kinetic energy of electrons. 


QO=0.1407S(1+e-+') 
r—1 Ay J A 
CYA 
r AK r Ay 
1.20(\1—wx)(r-—1)7 A A \3 
PHL} 
r A\Ka Ax 
where wx is the AK fluorescent yield, r is the A 


absorption jump ratio, S is the range of photo- 
electrons having an energy hy corresponding to 
the incident wave-length, X. 

The losses for thermopile A are negligible so 
that R=1, and Q=0. The J\=f(A) curve of 
Fig. 1 was used for a mechanical integration to 
find the fraction of the x-rays absorbed. 


fra-e “dr 
—=().971. 
fan 


®N. L. Walbridge, Rev. Sci. Inst. 12, 546 (1941). 
7A. H. Compton, Phil. Mag. 8, 961 (1929). 
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TABLE II. Average of galvanometer deflections. 





DIAMETER CORRECTED 








OF GALVANOMETER CURRENT IN 
APERTURE DEFLECTION SHADOW AMP./CM? 
IN CM IN CM EFFECT OF OPENING 
0.0526 3.99 4.7% 3.961077 
0.0676 7.06 3.09% 4.161077 


Average (4.06+0.10) 10-7 amp./cm? 


Then 


P,= ~= 148.3+0.5 ergs, 


0.971 


sec. 


for cross section area of 0.1963 cm?. 

The value of Py which was obtained from 
thermopile B agreed with that of thermopile A 
within 0.5 percent. 

For thermopile C, the fraction, F, was com- 
puted to be 0.089. The method used was the 
same as for thermopile A. 

Since accurate values of uw of Ag and Xe are 
required, a study of the data of Allen,* Hahn,° 
White” and Miiller'’ was made by the method 
used by Hahn.* The equation 17,/Z=1.224 
X 10-5Z*- 2-55 seemed best to represent the data 
from 0.13A to 0.31A and from Z=46 to Z=58. 

In calculating R for the thin silver disk of 
thermopile C, the average of e~"* could not be 
calculated from the average d. The fraction escap- 
ing from one side of the disk from a depth d is 


x 


br f u~*e~ “du, 
hr 


in which u= br sec. 6. This integral was evaluated 
for several layers and the average showed that 
0.66 of the K radiation and 0.87 of the scattering 
radiation were escaping. With these values for 
e~4 and e~**“ in Eq. (6), R=0.84. In this case Q 
was calculated to be 0.0059. Hence 


P = (0.089 -0.84 — 0.0059) Po 
or 


P,=144+4 ergs/sec. 
for a cross section area of 0.1963 cm*. 


IONIZATION MEASUREMENTS 


The x-ray tube was operated under the same 
conditions as those for the power measurements, 


8S. J. M. Allen, X-rays in Theory and Experiment, by 
Compton and Allison (D. Van Nostrand Co., 1935). 

*T. M. Hahn, Phys. Rev. 46, 149 (1934). 

1° T, N. White, Phys. Rev. 46, 865 (1934). 

"7, Miller, Ann. d. Physik 32, 625 (1938). 
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but in order to obtain saturation currents without 
ionization by collision, smaller apertures were 
necessary. Two apertures were used whose di- 
ameters were 0.0526 cm and 0.0676 cm. These 
apertures were made in lead plates 3 mm thick by 
drilling 1.5 mm with a 1-mm drill and then 
drilling the opening with a needle through the 
remaining 1.5 mm of lead. The center of the focal 
spot of the tube was on the axis of the aperture in 
each case. This was shown by rotating the 
apertures about their axes and obtaining the 
same ionization currents. 

Although these openings were small, the 
shadow effect which was due to the length of the 
cylindrical opening, was of correction magnitude. 

The ionization current was measured before 
and after the power measurements to insure that 
conditions had remained the same. The ionization 
currents were measured by a_ galvanometer 
whose sensitivity was 2.06 X 10~-" amp. /cm at the 
distance of four meters. 

The cylindrical ionization chamber was made 
of Pyrex glass with tungsten seals. One of the 
tungsten wires formed one electrode, the other 
electrode was of Al and formed almost a complete 
lining for the glass chamber. The front window of 
the chamber was 0.096 cm of glass and 0.005 cm 
of Al. The inside volume of the chamber was 
62.7 cc and it was filled with 0.815 g of Xe, ata 
density of 0.0130 g/cc. The inside length of the 
chamber was 2.69 cm and its radius was 2.1 cm. 

The galvanometer deflections in Table II were 
averaged from several sets of data. 

The area of the aperture which was used in the 
power measurement to find Po», was 0.1963 cm*. 
Hence 

t= (0.80+0.02) X 10-7 ampere 


where 7 is the saturation current which would 
have been produced in this chamber by the beam 
which was used for the power measurements. 

The factor F for the xenon-filled chamber was 
found in the same way as it was found for the 
silver disk. 

F=0.159 


The factor R was easier to compute since 
d was small and the average of exp [—7rd] 
=exp [—rd]. For this ionization chamber d 
was calculated to be 2.05 cm. The average 
distance, d, was found from the average of several 
layers. So that R=0.76. In this case Q=0.0056. 


From 
t=(FR—-Q)to, 
1= 8.5719, 
then 
ty) = 6.85 X 1077 amp. 


Where 7) equals the saturation ionization cur- 
rent which would have been produced if the 
x-ray beam which was used in the power measure- 
ment had been completely absorbed in xenon and 
if none of the power had escaped as radiation or 
kinetic energy of electrons. 


RESULTS 


From the power measurement with the lead 
disk thermopile «= 21.6+0.8 electron volts, and 
from the power measurement with the silver disk 
thermopile «=21.0+0.8 electron volts. The two 
values are considered to be equally reliable. 
Although the power measurement with the lead 
disks is more accurate than that with the silver 
disk, the value of ¢ obtained from the former is 
more dependent on the accuracy of the J,=f(A) 
curve, and is dependent on the absolute value of 
uw of Xe and the absolute values of the power 
losses while the value of € obtained from the 
latter is less dependent on the J,=f(A) curve and 
is dependent on the relative value of yu of silver 
and xenon and on the relative values of the 
power losses. For these reasons an average value 
is taken and e=21.3+0.8 electron volts when the 
source of the energy is x-rays of wave-length 
0.16A. Other values of € in xenon are 22.1 
electron volts for x-rays of wave-length 1.54A, 
which was determined by Gaertner™ and 20.7 
electron volts for alpha-rays which was de- 
termined by Gurney.” These values are not 
directly comparable since € is a slowly varying 
function of the energy of the incident electrons.! 

In this experiment the photoelectrons from the 
K level had energies of about 42 kev, and the 
value which was determined here should be 
comparable to 8-ray values for which the source 
is electrons of approximately that energy. 

In conclusion, the author wishes to express his 
thanks to Professor R. J. Stephenson for sug- 
gesting this problem and to Professors A. H. 
Compton, S. K. Allison and R. J. Stephenson for 
their advice and encouragement. 

120, Gaertner, Ann. d. Physik 23, 255 (1935). 


13R. W. Gurney, Proc. Roy. Soc. London 107, 322 
(1925). 
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Results of solutions of Fock’s equations for the normal state of Si V and for 3s, 4s, 5s, 3p, 4p, 
5p, 3d, 4d, 5d, 4f, and 5g states of Si IV are reported. Computed term values for the series 
electron are in satisfactory agreement with experimental values, although the agreement is no 
better than that obtained by McDougall who used a less elaborate method. Spin-orbit separa- 
tions have been calculated from these wave functions. The agreement with observed value is 
satisfactory for the p states but not for the d and f states. 


INTRODUCTION 


N ordinary self-consistent field calculations, 

the wave function for a many-electron atom 
is expressed as a product of one-electron wave 
functions. Starting with this assumption it is 
possible to set up the Schrédinger equation which 
each type of wave function must satisfy. A 
satisfactory technique of numerical solution of 
these equations has been developed and results 
for a number of atoms and ions have been 
obtained. The wave functions so obtained are 
satisfactory for many purposes but they do not 
satisfy the Pauli exclusion principle. Further- 
more, the energy parameters for optical electrons 
obtained by this method correspond only very 
roughly with observed term values. 

Slater' and Fock? have shown that by using 
determinantal wave functions the Pauli principle 
can be satisfied. Energy values calculated from 
the determinantal wave functions are usually in 
much better agreement with observed term 
values than the eigenvalues of self-consistent 
field calculations. When the determinantal wave 
functions are used, there occur additional terms 
in the expression for the energy of a given state. 
These additional contributions to the energy are 
known as exchange energies and can be expressed 

* Most of the calculations reported in this paper were 
carried out by Mr. W. Hartree in consultation with Pro- 
fessor D. R. Hartree. Circumstances have made it im- 
possible for Professor Hartree to prepare the material for 
publication. The undersigned has supplied the textual 
material and made a few supplementary calculations. 
Professor Hartree has read the manuscript but not the 
proof. Correspondence about this paper should be ad- 
dressed to Millard F. Manning.—M.F.M. 


1]. C. Slater, Phys. Rev. 34, 1293 (1929). 
2'V. Fock, Zeits. f. Physik 61, 126 (1930). 


in terms of integrals over certain products of one- 
electron wave functions. McDougall* has calcu- 
lated a number of term values in the spectrum of 
Si IV by substituting in these interaction inte- 
grals the one-electron wave functions found by 
standard self-consistent field methods. Similar 
calculations have been carried out by Hartree 
and Black‘ for O, O*+, O**. In all cases the agree- 
ment with observed values was satisfactory, 
although the results for the more highly charged 
ions were in better agreement with experiment. 

There is, however, an approximation involved 
in this method because the wave functions as well 
as the energies are affected by the exchange 
terms. Fock® was able to take this effect into 
account by applying the variational method to 
the complete expression for the energy. Nu- 
merical solutions of the equations were obtained 
by Fock and Petrashen for Na,*® Li,’ and Be.* 
Two of the present authors have developed a 
somewhat different method of calculation and 


9—17 


applied to a number of atoms and ions.' 


3 J. McDougall, Proc. Roy. Soc. A138, 550 (1932). 

4D. R. Hartree and M. M. Black, Proc. Roy. Soc. A139, 
311 (1933). 

*V. Fock, Zeits. f. Physik 62, 795 (1930). 

® Na: V. Fock and M. Petrashen, Phys. Zeits. Sowjet. 6, 
368 (1934). 

7Li: V. Fock and M. Petrashen, Phys. Zeits. Sowjet. 8, 
457 (1935). 

* Be: V. Fock and M. Petrashen, Phys. Zeits. Sowjet. 8, 
359 (1935). 

® Be: D. R. and W. Hartree, Proc. Roy. Soc. A150, 9 (1935). 

” Be: D. R. and W. Hartree, Proc. Roy. Soc. A154, 588 


(1936). 

"1 Cl-: D. R. and W. Hartree, Proc. Roy. Soc. A156, 45 
(1936). 

2 Cut: D. R. and W. Hartree, Proc. Rov. Soc. A157, 490 
(1936). 


(1938). 
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Partial solutions for Ne, F, and F~ have been obtained by Brown.'* Solutions for neutral and 
ionized carbon have been obtained by Jucys'’ and solutions for Mg III have been obtained by Yost.*° 


FORMULATION OF FOCK’s EQUATIONS 


The general method of formulation of Fock’s equations is to set up the complete expression for the 
energy of an atomic system in terms of interaction integrals involving the different wave functions 
and to obtain the differential equation which each type of wave function must satisfy by application 
of the variational principle. The notation used in this paper is the same as that used in previous 
papers, but for convenience the defining equations for a number of functions which appear in the 
formulation and solution of Fock’s equations are repeated here. 


Zx(aB n={ Py(air;)Py(B ri)(n r)*dry, (1) 
Vx(aB r)=ZxK(aB +f Py(a@ r;)Px(B ri)(r 11) ** "dry, (2) 
° fd? 2N Ul+1) | , 
I(a)= -1f Pyla r| +-— —- = |Ps(a r)dr, (3) 
0 dr> ir r? 
Fx(aBs =f Py*(a\r)Vx(aBir)r—dr, (4) 
0 


=| Py?(B r) Vx(aa r)r—'dr, 
0 


Gr(Ba =f Pyria r)Px(B\r) Yx(aBs r)r~'dr. (5) 


(1/r)Px(a|r) is the normalized radial portion of the wave function, having quantum numbers 


represented by a. 
The general expression for the energy of a configuration of closed shells in terms of these is (see 


reference 11, page 49) 
Fe= Yn, [2(214+1) Ini +(214+1)(414+1) Fo(nl, nl) — do, Au-F (nl, nl) ] 
+ >’ 4(274+1)(21’+1)Fo(nl, n'l’)— YX’ BinGx(nl, nl’). (6) 


ni,n’l’ ni,n’l’ 


The primes on the summations indicate that the term nl=n’'l' is to be omitted from the sum. Tables 
of the constants A, and B,,, are published in reference 11 (page 48). Some of the values are repeated 
here in Table I. Discussions of the method of obtaining the constants are given in references 1, 3, and 


11 and in chapter 6, Sec. 9 of Condon and Shortley.”! 
The differential equation which a particular n/ type of wave function satisfies is found by formal 


differentiation of the expression 


F'=E+3. dann f Py(nl\r)Px(n'l| ndr. (7) 
nn'l 0 


44K and A: D. R. and W. Hartree, Proc. Roy. Soc. A166, 450 (1938). 

15 Na~ and K-: D. R. and W. Hartree, Camb. Phil. Soc. 34, 550 (1938). 

16Q: D. R. and W. Hartree, and B. Swirles, Roy. Soc. Phil. Trans. 238, 229 (1939). 
'7N and N~: D. R. and W. Hartree (to be submitted to Phys. Rev.). 

18F, F-, N: F. W. Brown, Phys. Rev. 44, 214 (1933). 

19C, C++, Ct+t+: A. Jucys, Proc. Roy. Soc. A173, 59 (1939). 

* W. Jacque Yost, Phys. Rev. 58, 557 (1940). 

*1E. U. Condon and G. H. Shortley, The Theory of Atomic Spectra (Cambridge, 1935). 
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The \’s are Lagrangian multipliers introduced because the variations are subject to the conditions 
that the final wave functions be normalized and orthogonal. The method of carrying out the differ- 
entiations is described in reference 10 and the results are quoted both there and in reference 11 and 
will not be repeated here. When the differentiations are carried out, the resulting differential equations 
can be expressed in the standard form 

, H nwePn(n'l' |r) =0. (8) 


nl’ 


For the diagonal terms the operator /7’,;,,; can be written in the form 


d* 2 
FT’ nt, w+] N- > 2(21' +1) Vo(n'l’, nl’ |r) + Yo(nl, nl\r) 
r 








dr? ni’? 
1 , L(/+1) 7 
+— © An Yx(nl, nt|7) |— ean ~~. (9) 
21+1 & r? 
The non-diagonal elements can be grouped into those for which /’=/ and those for which /’ #1. 
Bur Yxr(nl, n'l) 
For /’=1 01,00 * Qo a's (10) 
k 21+1 r 
Bury Yr(nl, n'l’) 
ll Hat, =, — ——_ (11) 
k 2/+1 r 


Eni, nl= — Ani, nt/(2l+1), 
Eni, n’ l= —Xnt,n71/2(21+1), n' =n. 


To apply these equations to the (1s)*(2s)?(2p)* configuration of Si V, it is necessary to know the 
appropriate values of the A,,.’s and the B,,;’s. The only Ax, needed is A 12 which is given in reference 
11 as 6/5. The necessary values of B,,,, are given in Table I. These values, except those involving g 
functions, are taken from reference 11. The values for the g functions can be obtained from McDougall’s 
paper'* (Table V) by simple arithmetic. 

By substituting the numerical values for the A’s and B’s and then combining Eqs. (9), (10) and (11) 
with Eq. (8) the differential equations for the (1s) and (2p) functions are found to be 





d2? 2 _ 2Yo(1s, 2s|7) 
[+5 T(r) + Yo(1s, 1s|r)} — ete [Po(ls n+ = eu.ae|Pa(2sir) 
dr*> +r J 
2¥Vi(1s, 2p\r) 
+{=- id Jpscep r)=0. (12) 
, 


2 2 2 
J+ T(r) + Yo(2p, 2p|r) +3 ¥o(2p, 2p|r)} — can te [Pu(2piir) 
” y? 


r 


3 
+> | Ya(os, 2p r Po(as r)=0, (13) 
r 


a=1 
where 7(r) stands for 
N—2Y (1s, 1s|r) —2Vo(2s, 2s|r) —6Yo(2p, 2p|r). 


The differential equation for the 2s electron is the same as that for the 1s except that 1s and 2s are 
interchanged wherever they occur. 
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The method of setting up the differential equations when there is a single electron outside of closed 
shells is discussed in reference 13 (page 69). When the series electron is added there are additional 
terms in the energy. When there is only one electron outside of closed shells, there are no terms in the 
energy involving interactions within incomplete shells. It has been shown previously that each term 
in the interaction between a series electron and a closed shell is 1/(2/+1) times the interaction be- 
tween closed shells. Hence the additional contribution to the energy due to the addition of an nl 


series electron is 


1 
E, (nl) =Liat+ | 2020 +1) Fon 1) - ~S BunGr, al, n't) (14) 
n'l! 2(2/+1) « 


Since these extra terms in the energy involve the core wave functions, the strict application of the 
variational principle would yield additional terms in the differential equations for each of the core 
functions. However, previous experience indicates that these additional terms will have a very small 
effect on the wave functions of the inner electrons. The effect is particularly small when, as in this 
case, the net nuclear charge is large. If this effect is neglected, the only equations that need to be 
considered are those for the series electron. The general expressions given in Eqs. (8), (9), (10), and 
(11) can be applied to the series electron wave functions; the necessary values of By, are listed in 
Table I. In the present computations, wave functions for 3s, 4s, 5s, 3p, 4p, 5p, 3d, 4d, 5d, 4f and 5g were 
obtained. The differential equations which ns(n>2), np(n>2), nd, nf, and ng functions satisfy are: 








d> 2 2 2 
+ TP) ~ eae [Pons r) +>. | Vo(as, ms tonne Po(a r) 
dr> +r a=ILr 
2 
+[-rie2p, ns P pscep r)=0, (15) 
r 
Se 2 2 22 
| —+-11")- == nan [Pot r)+> E Vi(as,np » |Ps(as r) 
dr? +r r? a=1L3r 
[4 4 
+] —Yo(2p, np|r) +—Y2(2p, np )~ eennn Pvl2P r)=0, (16) 
Lr 5r 
d? 2 6 | 22 
| 4-117) ——— sane [Pon r) +> | —Y2(as, nd r |Ps(as r) 
dr? - r? a=1L5r 
4 1 
+ -V,(2p, nd |r) +——Y;(2p, nd  pscep r)=0, (17) 
5r 35r 
d? 2 12 2f2 
—+-T(r) ——— ny. u[Pvnfin-+¥ |: -Y3(as, nfir) [Pras 
dr> r+ r? a=1L7r 
18 8 
+|—va00p. nf |r) +—Y,(2p, nfir)|Px(20/n)=0, (18) 
35r 21r 
d? 2 20 2f2 
+-T(r)-——- cnn Po ng) +2 | Y,(as, nel] 
dr? + r? a=1L 97 


8 10 
+|— Y;(2p, ng|r) +—Y;(2p, nelr)|=0. (19) 
21r 33r 
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TABLE I. Values of Bux (interactions between complete 




















groups). 

Groups l v k=O k=1 k=2 c=3 k=4 ke’ 
(ns)?(n’s)? 0 0 aa di, vidi aa 
(ns)*(n'p)®§ OF 1 — 2 ay — . 
(ns)*(n’'d)® O 2 —- — 2 —_ — - 
(ns)*(n'fJ* 0 3 — 2 - = 
(ms)*(n'g)® O 4 - ~- 2 - 
(np)(n'p)® 1 1 6 — 12/115 — — _ 
(np)§(n'd)™ 1 2 — 4 18/7 - -- 
(np)§(n’f)* 1 3 - — 18/5 — 83 — 
(np)®(m'g)® 1 4 —- — 24/7 — 30/11 

TABLE II. Values of P,,/r'** near origin for Si V. 
r= 0.00 0.01 0.02 0.03 0.04 
ls 101.8 88.4 76.8 66.9 58.2 
2s 27.1 23.5 20.3 17.4 14.9 
80.1 74.8 69.9 65.4 


2 85.8 


METHOD OF SOLUTION 


The process of solution of Fock’s equations is 
similar to that used in self-consistent field calcu- 
lations in that it is necessary to start by making 
some initial estimates and use these estimates to 
calculate other values of the functions considered. 
New estimates are then made and the procedure 
repeated until initial and final values of the 
function show satisfactory agreement. In ordi- 
nary self-consistent field calculations and in the 
earlier solutions of Fock’s equations, the initial 
estimates have usually been made in terms of the 
Z,.s. For Fock’s equations there are such a large 
number of Z;’s to estimate and make consistent 
that it has proved more satisfactory to estimate 
the various Py(a8|r)’s directly and make the 
initial and final values consistent. 

For the present calculations, the self-consistent 
field calculations of McDougall* were available as 
initial estimates. It was, however, possible to do 
somewhat better than these. By comparison of 
results with and without exchange for Be, Na, kK, 
and Ca, it was possible to make an estimate of 
the changes in charge distribution which would 
be produced by introduction of the exchange 
terms. In general the effect of exchange terms is 
to make the whole structure more compact— 
shifting the maximum of the wave function 
toward the nucleus somewhat as an increased 
nuclear charge would. This effect was very small 
for the 1s functions and more pronounced for the 
2s and 2p functions. 
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TABLE III. Values of P/r'** near origin for series electrons 


in SilV, 

r s p d f g 
0.00 10.00 100.0 100.0 10.00 10.00 
0.01 8.68 93.3 95.5 9.66 9.73 
0.02 7.50 87.0 91.3 9.34 9.47 
0.03 6.44 81.3 87.3 9.04 9.22 
0.04 5.50 76.0 83.6 8.75 8.99 


TABLE IV. Values of P/r'*! between 0.06 and 0.20 for 
d, f, and g series electrons in Si lV. 





r 3d 4d 5d od 4f wy Sz 
0.06 76.7 76.7 76.7 76.7 8.22 8.22 8.56 
0.08 70.7 70.7 70.7 70.6 7.74 7.74 8.16 
0.10 65.3 65.3 65.3 65.2 7.31 7.30 7.80 
0.12 60.4 60.4 60.4 60.3 6.91 6.90 7.46 
0.14 56.1 56.1 56.0 55.9 6.55 6.54 7.15 
0.16 52.1 52.1 52.0 52.0 6.21 6.20 6.87 
0.18 48.6 485 484 484 5.91 5.90 6.60 
0.20 45.3 45.2 45.2 45.1 5.63 5.61 6.36 


For the series electron wave functions the n/ 
wave function itself occurs only in exchange 
terms. In this case McDougall’s results provided 
satisfactory initial estimates. These were then 
improved by a series of successive approximations 
until a satisfactory agreement was obtained. 

In carrying out the integrations for the core 
wave functions, it was found to be practicable to 
start with values of P’s at small values of r found 
by series expansion and integrate outward. 
Different values of the parameters €n), ni, €n’2, n! 
and the arbitrary multiplicative constant in 


TABLE V. Values of P,, for Si V. 











r (1s) (2s)? (2p)* r (1s)? (2s)? (2p)* 
0.00 0.000 0.000 0.0000) 0.6 0.025 —1.245 1.118 
0.01 0.883 0.235 0.008 | 0.7 0.0085 —1.062 0.960 
0.02 1.537 0.406 0.030 | 0.8 0.003 —0.870 0.801 
0.03 2.006 0.523 0.063 | 0.9 0.001 —0.693 0.656 
0.04 2.329 0.597 0.105 | 1.0 0.0005 —0.540 0.529 

1.1 —0.414 0.421 
0.06 2.652 0.639 0.206 | 1.2 —0.314 0.332 
0.08 2.689 0.582 0.322 
0.10 2.559 0.461 0.443 | 1.4 —0.174 0.201 
0.12 2.341 0.301 0.564 | 1.6 —0,094 0.119 
0.14 2.085 +0.121 0.679 | 1.8 —0.050 0.069 
0.16 1.820 —0.065 0.787 2.0 —0.026 0.040 
0.18 1.566 —0.250 0.886 | 2.2 —0.0135 0.023 
0.20 1.333 —0.426 0.974 | 2.4 —0,007 0.013 

2.6 —0.0035 0.0075 
0.25 0.859 —0.806 1.146 | 2.8 —0.002 0.0045 
0.30 0.535 —1.084 1.255 | 3.0 —0,001 0.0025 
0.35 0.327 —1.263 1.309 | 3.2 —0,0005 0.0015 
0.40 0.197 —1.359 1.320 | 3.4 0.001 
0.45 0.118 —1.390 1.298 | 3.6 0.0005 
0.50 0.070 —1.372 1.252 
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—0.419 
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0.666 
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0.920 
0.972 
0.956 
0.896 
0.809 
0.710 
0.610 
0.513 
0.426 
0.349 
0.282 
0.226 
0.180 
0.142 


0.077 
0.039 
0.020 
0.010 
0.005 
0.0025 


0.0005 


HARTREE, 


HARTREE, 


AND 


MANNING 





TABLE VI. Values of P for s and p valence electrons in SilV (not normalized). 


0.234 
0.210 
0.163 
0.101 
+0.031 
— 0.040 
—0.109 
—0.175 


—0.311 
—0.399 
— 0.440 
— 0.439 
— 0.404 
— 0.344 


—0.173 
+0.030 
0.232 
0.414 
0.566 
0.680 
0.753 


0.787 

0.689 

0.494 
+0.241 
—0.036 
—0.311 
— 0.564 
—0.782 
— 0.960 
— 1.095 
— 1.187 
—1.241 
—1.261 
— 1.253 


—1.142 
— 0.962 
— 0.764 
—0.581 
—0.427 
—0.305 


—0.146 
—0.065 
—0.028 
—0.012 
— 0.005 
—0.002 
—0.001 
— 0.0005 


Ss 


0.234 
0.210 
0.163 
0.101 
+0.031 
— 0.041 
—0.111 
—0.176 


—0.311 
—0.399 
— 0.438 
— 0.435 
— 0.398 
— 0.335 


—0.159 
+0.047 
0.251 
0.432 
0.578 
0.681 
0.740 


0.732 

0.581 

0.336 
+0.041 
— 0.260 
— 0,532 
—0.754 
—0.911 
—0.997 
—1.013 
— 0.964 
— 0.859 
— 0.708 
—0.523 


+0.014 
0.552 
0.998 
1.306 
1.473 
1.517 


1.352 
1.036 
0.717 
0.462 
0.281 
0.164 
0.092 
0.050 
0.027 
0.014 
0.0075 
0.004 
0.002 
0.001 


Zs 


0.234 
0.210 
0.162 
0.100 
+0.030 
— 0.042 
—0.112 
—0.177 


—0.312 
— 0.398 
—0.435 
— 0.429 
— 0.389 
—0.323 


—0.139 
+0.072 
0.278 
0.456 
0.592 
0.680 
0.718 


0.654 

0.440 
+0.138 
—0.189 
—0.488 
—0.717 
—0.851 
— 0.882 
— 0.813 
— 0.658 
— 0.437 
—0.175 
+0.102 

0.372 


0.881 
1.014 
0.754 
+0.225 
—0.379 
— 0.871 


— 1.079 
— 0.286 
+0.760 

1.247 
+0.881 
—0.047 
—0.954 
— 1.346 
—1.051 


3p 


0.0000 
0.0093 
0.0348 
0.0732 
0.1215 


0.239 
0.373 
0.512 
0.648 
0.777 
0.894 
0.999 
1.088 


1.245 
1.31 
1.295 
1.21 
1.08 
0.90 


+0.475 
—0.01 
—0.50 
—0.97 
— 1.40 
—1.79 
—2.12 


—2.61 
— 2.88 
—2.98 
—2.93 
—.2.78 
—2.56 
—2.31 
—2.04 
—1.78 
—1.53 
— 1.30 
— 1.09 
—0.91 
—0.75 


—0.455 
—0.265 
—0.15 

—0.085 
—0.045 
—0.025 


—0.005 


ip Sp 
0.239 
0.373 
0.511 
0.647 
0.775 
0.892 
0.995 
1.082 1.08 
1.23 1.225 
1.29 1.28 
1.265 1.245 
1.17 1.145 
1.02 0.99 
0.825 0.79 
+0.365 +0.32 
—0.14 —0.19 
— 0.65 —0.70 
—1.12 —1.16 
—1.53 —1.56 
— 1.86 — 1.87 
—2.11 — 2.09 
—2.37 —2.25 
— 2:30 — 2.05 
~1.97 ~1.58 
—1.44 —0.91 
—0.78 —0.15 
—0.06 +0.63 
+0.66 1.36 
1.34 1.98 
1.96 2.46 
2.49 2.78 
2.92 2.93 
3.25 2.92 
3.49 2.76 
3.63 2.47 
3.66 41.33 
3.37 —0.10 
2.90 — 1.53 
2.37 —2.74 
1.87 — 3.62 
1.43 —4.16 
0.78 —4.33 
0.39 —3.75 
0.19 — 2.88 
0.085 — 2.04 
0.04 —1.35 
0.015 — 0.86 
0.005 —0.52 
—0.31 
—0.175 
—0.09 
—0.055 
— 0.03 
—0.015 
—0.010 
— 0.005 
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3d 4d Sd 
0.20 0.36 0.36 0.36 
0.25 0.60 0.60 0.595 
0.30 0.885 0.88 0.88 
0.35 1.21 1.205 1.20 
0.40 1.57 1.555 1.55 
0.45 1.96 1.935 1.925 
0.50 2.37 2.33 2.315 
0.6 3.24 3.16 3.13 
0.7 4.15 4.01 3.95 
0.8 5.08 4.85 4.74 
0.9 6.01 5.64 5.48 
1.0 6.91 6.38 6.13 
1.1 7.78 7.02 6.68 
1.2 8.59 7.55 7.09 
1.4 10.0 8.25 7.5 
1.6 11.05 8.4 7.3 
1.8 11.75 8.0 6.5 
2.0 12.1 7.1 5.2 
2.2 12.1 5.75 3.5 
2.4 11.85 4.1 +1.6 
2.6 11.4 2.25 —0.45 
2.8 10.75 + 0.3 —2.45 
3.0 10.0 — 1.65 —4.3 
3.2 9.2 — 3.55 —5.95 
3.4 8.35 — 5.35 —7.3 
3.6 7.5 — 6.95 —8.3 
3.8 6.7 — 8.35 — 8.95 
4.0 5.95 — 9.55 —9.2 
4.5 4.25 —11.55 —8.35 
5.0 2.95 — 12.25 —5.85 
3.5 2.0 — 12.0 —2.3 
6.0 1.3 —11.05 +1.6 
6.5 0.8 — 9.7 5.3 
7.0 0.5 — 8.25 8.5 
8 ).2 — 5.45 12.45 
9 0.05 — 3.35 13.45 
10 —- 19 12.3 
11 — 1.05 10.15 
12 — 0.55 7.75 
13 — 0.3 5.6 
14 — 0.15 3.85 
15 — 0.1 2.55 
16 — 0.05 1.6 
18 0.6 
0.2 


20 


i 
i 


| 
| 
| 


P(nl|r) were tried until the proper behavior at 
large values of r was obtained simultaneously 
with the fulfillment of the normalization and 
orthogonality conditions. The wave function so 
found was compared with that initially assumed 
and a new wave function estimated. The process 
of successive approximations was continued until 
initial and final values of each Py checked to 
within 0.003. 

The integrations for the outer wave functions 
are best carried out to some convenient radius 
(usually near the outer inflection point). For the 


FOR S1 IV 


AND 


Si V 


TABLE VII. Values of P for d, f, and g series electrons in Si lV (not normalized). 
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cd 4/ wr Se 
0.36 0.0090 0.9909 0.0020 
0.595 0.0195 0.0195 0.0057 
0.875 0.0364 0.0362 0.0130 
1.19 0.0609 0.0605 0.0260 
1.53 0.0945 0.0938 0.0472 
1.90 0.1387 0.1372 0.0796 
2.28 0.1946 0.1919 0.1266 
3.05 0.347 0.340 0.281 
3.82 0.560 0.544 0.548 
4.53 0.842 0.810 0.972 
5.16 1.20 1.14 1.60 
5.68 1.63 1.52 2.48 
6.07 2.14 1.97 3.68 
6.30 2.72 2.46 5.23 
6.25 4.1 3.55 9.6 
5.5 5.7 4.7 15.9 
4.2 7.4 5.8 24.4 
2.5 9.25 6.7 35.2 
+0.5 11.1 7.35 48.3 
—1.55 12.8 7.65 63.6 
—3.5 14.5 7.6 80.9 
—5.1 15.9 7.1 100 
— 6.3 17.2 6.3 120 
18.2 141 
19.0 163 
19.5 185 
19.8 207 
19.9 228 
19.4 275 
17.9 312 
15.9 337 
13.6 349 
11.4 349 
9.3 339 
5.8 297 
3.45 240 
1.95 183 
1.05 132 
0.55 92 
0.3 62 
0.15 40 
0.1 25 
0.05 16 
6 


same €n/, x: an inward integration is started from 
some large radius where an asymptotic expansion 
can be found. The values of €,:,; are then 
adjusted until the values of (1/P)(dP/dr) as 
found by outward and inward integration are 
equal. The details of the method of inward 
integration are described in reference 9. In theory 
the non-diagonal multipliers should be taken into 
account, but as was found! for Ca*, the wave 
functions found are already orthogonal to the 


core functions, 
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TABLE VIII. Values of [fo”P?dr]}, «¢, v, and q. 
[fo P®dr} € ve(cm™~') ve(J.M.) vo qe qo 
Si V ls 1 141.6 —_ 7 
2s 1 16.17 
2p 12.41 
Si lV 3s 185 3.275 359,400 360,400 364,098 0.79 0.804 
4s 2.09 1.538 168,800 169,200 170,116 0.775 0.787 
5s 13 0.893 98,000 98,500 98,677 0.765 0.782 
“xS 0 0.765 
3p 3.91 2.639 289,600 289,600 292,655 0.535 0.550 
4p 6.49 1.319 144,100 145,100 145,774 0.515 0.529 
5p 9.45 0.793 87,000 87,300 87,566 0.505 0.521 
xp 0 0.500 
3d 18.45 1.839 201,800 202,200 203,721 0.05 0.064 
4d 23.9 1.033 113,400 113,500 114,087 0.065 0.077 
5d 31.3 0.658 72,200 72,300 72,599 0.07 0.082 
xd 0 0.071 
4f 37.7 1.0004 109,800 109,800 109,968 0.004 
0 
5g 782 0.6401 70,240 —- 70,258 0.001 
RESULTS change terms in the expression for the energy. 


The wave functions for the core electrons are 
listed in Tables II and V. The greatest dis- 
crepancy in the Py's between these results and 
those obtained by McDougall is 0.006 for the 
1s, 0.05 for the 2s, and 0.03 for the 2p functions. 
In all cases the effect of exchange is to contract 
the wave functions toward the nucleus. As 
tabulated, the 1s, 2s and 2p functions are 
normalized and orthogonal. 

The wave functions for the series electron in 
Si IV are listed in Tables III, IV, VI, VII. The 
columns headed ~s, «p, etc., give the wave 
functions for €n: nj =0. As tabulated, these func- 
tions are orthogonal to the core functions, but are 
not normalized. The normalization integrals are 
given in the first column of Table VIII. In the 
second column of this table are listed the €,:, nz 
values for the series electron in the different 
states. It has been proved previously'® that when 
the perturbation of the core is neglected the 
energy parameters for a single electron outside of 
filled shells are the same as the term values. In 
the next column the corresponding values of the 
energy expressed in cm~! instead of Rydbergs 
are listed. In the fourth column are the corre- 
sponding values calculated by McDougall’ using 
the wave functions found by self-consistent field 
methods neglecting exchange but including ex- 


The fifth column lists the observed values as 
given by Edlén and Soderquist.” The discrepancy 
between observed and calculated values is not 
more than two percent and is smaller for the 
higher » and / values. It is perhaps surprising to 
note that the more elaborate calculations reported 
here do not agree as well with experiment as 
those obtained by McDougall.* The reason for 
this would be difficult to assign without a detailed 
comparison of all of the terms appearing in the 
expression for the energy. The neglect of exchange 
in calculating the wave functions has two oppo- 
site effects which might well counteract each 
other. The neglect of exchange decreases the 
charge density due to the series electron in the 
regions near the nucleus, but on the other hand, 
it causes an expansion of the core wave functions. 
The expansion of the core functions decreases the 
screening action at a particular radius and hence 
increases the computed term value of the series 
electron. 

A fairer estimate of the correctness of a set of 
wave functions is obtained by comparing not the 
energy values but the departures from the 
hydrogenic values which are measured by the 
constant g in the formula: 


Ent, ni = C?/(n—@)*, (20) 
* B. Edlénand J.Soderquist, Zeits. f. Physik 87, 217 (1933). 
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SELF-CONSISTENT 
where €,/,.. is the term value in Rydbergs, C is 
the net charge of the core, and n is the principal 
quantum number. The values of g as computed 
by the present method and the g as found from 
experimental values of ¢€ are listed in columns six 
and seven of Table VIII. It is interesting to note 
that the discrepancies in energy vary in both 
absolute and relative values from one state to 
another, but that the discrepancies in the q’s are 
nearly the same for all levels although slightly 
less for the higher / values. 

The spontaneous transition probabilities be- 
tween two states can be found from formulas 
given in reference 13 and by Condon and 
Shortley.** Since the experimental data on Si IV 
are meager, the spontaneous transition proba- 
bilities have not been calculated. However, the 
integrals f(*rPy(a|r)Py(8\r)dr for s—p and 
p—d transitions are listed in Table IX. 


SpPrIn-OrBIT INTERACTION 


The energy levels in a one-electron spectrum 
are known to be double with the two levels 
corresponding to j=/+ 3 and j=/—}. Normally 
the level with the smaller value of j has the larger 
term value. The formula for the difference in 
wave number is** 


* Z(r) 
AWui=RaX(l+4) f —_Pvi(nl r)dr, (21) 
0 r 


where R is the Rydberg constant, a@ is the fine 
structure constant, Z is the effective nuclear 
charge at radius 7, and Py*(nl|r) is the radial 
charge density for the type of wave function 
under consideration. If energies are measured in 


TABLE IX. Values of the integrals Jo°rP n(a)Pwn(8)dr. 


3s 4s Ss 3d 4d Sd 
3p —1.944 0.975 —2.176 0.108 0.134 
4p 0.223 —4.015 2.090 1.451 -—4.36  —0.055 
0.321 0.293 3.08 —7.13 


Sp 0.133 


SorP(3s)P( 2 p)dr=1.123. fo°rP(4s)P( ~ p)dr = 3.975. 
So°rP (4p) P( © s)dr =6.395. 


23 See reference 21, Chapter V, Sec. 9. 
24 See reference 21, Chapter V, Sec. 4. 
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TABLE X. Spin-orbit separation. 





3p 4p Sp 3d 4d 4f 
Observed 460 162 75 1.57 0.08 1.3 
Calculated 430 149 70 19 9 2.3 


cm, the constant Ra® has the numerical value 
of 5.822. 

The integral occurring in Eq. (21) has been 
evaluated numerically, from the values tabulated 
in Tables V, VI, and VII. In Table X the 
computed and observed values are given. The 
experimental values are due to Edlén and 
Soderquist,” except the d levels which are taken 
from Bowen and Millikan.” For the p states the 
agreement between observed and computed 
separations is quite satisfactory but for the d 
and f levels the agreement is not even quali- 
tative.** The cause of the small values of the 
separations in Si IV is presumably the same as 
the cause of the inverted doublets in the spectra 
of Na I, Mg II and Al III which are iso-electronic 
with Si IV. White?’ and Phillips** have suggested 
that the inverted doublets in these spectra can be 
accounted for by configuration interaction. Be- 
cause of the effect of the valence electron, the 
core will not be spherically symmetric and besides 
the wave functions for the 2p* configuration, a 
linear combination, including 2p°3p, 2p°4), etc. 
must be used. Because the energies of these 
excited states are so high, their coefficients in the 
linear combination will be small. The important 
point for the present discussion is that the spin- 
orbit interaction for these states is large and 
negative,” so that even a small admixture of 
these states can give a comparatively large nega- 
tive contribution to the spin-orbit interaction. 


all F R. A. Millikan, Phys. Rev. 25, 301 
(1925). 

*% The spin-orbit separations for Ca* 3d and 4p states 
have been computed from the wave functions reported in 
reference 13. The computed values were 85 cm™ and 
159 cm™ for the 3d and 4p levels, respectively, compared 
with 60.8 and 222.8 as given by R. F. Bacher and S. 
Goudsmit, Atomic Energy States (McGraw-Hill, 1932). 

27H. E. White, Phys. Rev. 40, 316 (1932). 

28 Melba Phillips, Phys. Rev. 44, 644 (1933). The authors 
wish to thank Dr. E. U. Condon for calling references 27 
and 28 to their attention. 

29G. H. Shortley, Phys. Rev. 40, 185 (1932). 
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Measurements have been made on the spectrum of gold 
excited in a hollow cathode discharge in helium. In the 
region investigated (600A-10,000A) some 2000 new gold 
lines were found, of which 237 have been newly classified in 
the gold arc spectrum and 83 have been newly classified in 
the first spark spectrum of gold. The new classifications 
involve 32 new terms in Au I and 12 new terms in Au IT. In 
the arc spectrum, the ms and nd series have been extended 


INTRODUCTION 


ARLY classifications in the arc spectrum of 
gold were made by Thorsen,! who found 
the sharp and diffuse series, and by McLennan 
and McLay,’ who studied extensively the 5d*6snx 
configurations. These early assignments were 
largely confirmed by the Zeeman effect studies 
of Symons and Daley,’ although few of their 
Zeeman patterns were completely resolved. 

The first spark spectrum of gold was partially 
analyzed by McLennan and McLay,‘ who 
located the low 5d°nx groups as well as some 
terms of the 5d*6s? structure; Rao® has proposed 
some additional levels of these configurations. 
The discovery of the ground state of Au II was 
announced by Sawyer and Thomson,® but the 
validity of their choice of resonance lines has 
been questioned by Mack and Fromer in a 
paper on the Pt I isoelectronic series.’ 

In these previous studies of the gold spectrum, 
the hollow cathode has been used only once® as 


t Publication assisted by funds derived from income of 
the endowment of the Horace H. Rackham School of 
Graduate Studies. 

* Now at the University of Minnesota, Minneapolis, 
Minnesota. 

1V. Thorsen, Naturwiss. 11, 500 (1923). 

2J. C. McLennan and A. B. McLay, Proc. Roy. Soc. 
A108, 571 (1925); A112, 95 (1926); A134, 35 (1931). 

3A. S. M. Symons and J. Daley, Proc. Phys. Soc. 41, 
431 (1929). 

4J. C. McLennan and A. B. McLay, Trans. Roy. Soc. 
Canada 22, 103 (1928). 

5B. V. R. Rao, Proc. Roy. Soc. Al42, 118 (1933). 

6 +r A. Sawyer and K. Thomson, Phys. Rev. 38, 2293 
(1931). 

7J. E. Mack and M. Fromer, Phys. Rev. 48, 357 (1935). 

8 The hollow cathode was also used by Richard G. 
Stoner in a series of measurements on the gold spectrum 
for his undergraduate thesis, Princeton University, 1941. 


to n=14, and new values of the 5f?F levels are suggested. 
The series limit, 5d!° 4S of Au II, is calculated to be 74,410 
cm~ above the ground state, 5d'6s 2S;, of Au I. Several 
new terms above the series limit have been located. In the 
first spark spectrum of gold, the resonance triplet dis- 
covered by Sawyer and Thomson has been confirmed. The 
lowest six members of the 5d°7p group have been found, 
and the 5d*6s*? configuration has been completed. 


a source—by Sawyer and Thomson, who limited 
their measurements to the vacuum ultraviolet. 
The hollow cathode, however, has well-known 
advantages in spectral analysis, and therefore it 
was employed in the present work ; measurements 
of the radiation were made throughout the 
photographic region in an attempt to extend the 
classification of Au I and Au II. 


APPARATUS 


The electrodes were enclosed in a Pyrex tube 
(with a quartz window over one end) through 
which purified helium was continuously circu- 
lated at a pressure of some ten millimeters of 
mercury. The cathode itself consisted of a hollow 
tungsten cylinder, one centimeter in diameter, 
in which gold foil was placed; the cylindrical 
aluminum anode surrounded the cathode and 
was concentric with it. The discharge was 
maintained at a current of about 0.3 ampere 
supplied by a d.c. generator of range up to 
1500 volts. 

The light from this source was photographed 
with four different spectrographs: a glass instru- 
ment of the Hilger E1 type (used in the region 
4000A-10,000A); a quartz spectrograph of the 
same design (2000A-4500A); a Zeiss Qu-24 
quartz spectrograph (1975A-2400A); and the 
University of Michigan one-meter vacuum 
grating spectrograph (600A-2500A), which has 
been described elsewhere.’ The dispersions of the 


Mr. Stoner has very kindly loaned us a copy of his wave- 
length list for comparison with our own. 
®*R. A. Sawver, J. Opt. Soc. Am. 15, 305 (1927). 
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TABLE I. Energy levels in Au I. 
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J REFER 
TERM SYMBOL VALU u ENERGY ENCES ERM SYMBOL VALUE n ENERGY ENCES 
— a | —_ ee —_ —_ 
5d6s 2S , 1.215 74,410.00 T 5d'9s5 2S ; 4.377 57295 T 
5d°(?D24)6s? 2D 23 65,248.7 M-M | 5d9(?D2;)6s7s 2 2} 5704.9 M-M 
5d9°(2D 14)6s* 2D i} 52,974.7 M-M | 5d°8d 2D 1} 4.972 4438.7 T 
5d6p 2P° 3 1.722 37,051.1 T 2} 4.993 4402.4 T 
1} 1.818 33,4908 1 | 5d#*10s 28 } 5.379 3792.7 T 
SA°(2D2)6s6p 1° ~— 23 32,246.5 M-M | Sd°@Dx)6s7s 3 1} 3756.7 M-M 
2 33 28,872.6  M-M | 4 2} 3188.0 New 
3° 23 28,235.5 M-M | 5d'°9d 2D 1} 5.993 3055.6 T 
4 23 28,031.0 New 23 6.018 3029.6 New 
3 1} 27,402.6 M-M | Sd!lis*s ; 6.380 2696.2 New 
6° 4} 25,712.6 M-M | 5d'°10d*D 1} 6.990 2246.2 T 
7° 3} 23,380.9 M-M | 23 7.000 2239.2 New 
8° 1} 23,178.6 M-M | 5d%12s2S , 7.381 2014.1 New 
9° 13 22,925.00 New 5d11d 2D 1} 7.988 1719.9 New 
10° 23 22,756.1 M-M 23 7.999 1715.2 New 
11° 3} 21,607.9 New 5d13s 2S ; 8.38 1562.5 New 
12° , 21,212.5 M-M | 5d'°12d 2D 1} 8.986 1359.0 New 
Sd¥7s 2S } 2.347 19,925.1 7 23 8.999 1355.2 New 
5P(2D,)6s6p 13° 1 18,677.55 New | Sd 1452S , 9.38 1247.9 New 
14° 1} 18,304.0 M-M | 5d%13d?2D 13 9.983 1101.9 New 
15° 2} 15,793.5 M-M 23 10.000 1097.4 New 
16° 1} 15,564.9 M-M | 5dl4d*D 13 10.98 909.6 New 
7 23 14,696.8 M-M 23 11.00 907.5 New 
5d"°7 p *P* ; 2.763 14,377.00 M-M | (Sd®'S,of Aull)...........ccccceces 0.0 
1} 2.832 13,681.1 M-M | 5d*(?D2)6s6d 5 1} — 1868.0 New 
5d°(?7D :)6s6p 18° 23 13,154.9 M-M | 6 23 — 2156.7 M-M 
19° 1} 12,846.7 M-M 7 53 —2159.8 M-M 
5d™6d 2D 1} 2.968 12,4584 T 8 3} — 2321.9 M-M 
23 2.978 12,376.3 T 9 4} —2419.9 M-M 
5d°(?D\4)6s6p 20 1} 11,404.9 M-M | 10 1} —2496.4 New 
5d8s 2S 5 3.369 9667.6 T 11 23 —2545.0 New 
5d"8p 2P° ; 3.750 7804.7 New | 12 23 —4257.8 New 
1} 3.825 7499.7 New | 13 1} —4409.9 New 
5d"7d 2D 1} 3.977 6940.6 T 14 1} — 4600.2 New 
5d5f 2 F° 3} 3.981 6924.7 New | ? 15 23 —6362.7 New 
23 3.982 6920.0 New ? 16 24 — 6666.8 New 
5d"7d 2D 23 3.988 6899.3 z ? 17 1} — 7273.7 New 
5d*(?D2;)6s7s 1 3} 6598.5 M-M 
instruments used make possible an accuracy of RESULTS 
about 0.3 cm~! in frequency determinations AulI 


outside of the vacuum region, although temper- 
ature shifts during the long exposures in the 
infra-red produced uncertainties in the measure- 
ments in that region amounting to 1.0 cm“. 
In the vacuum region, the uncertainties of wave- 
length measurement were less than 0.1A, which 
is equivalent to about 4 cm™ at a wave-length 
of 1600A. 

At least two plates were taken in every wave- 
length region, and the wave-lengths of the same 
line as determined from different plates were 
averaged. The plates were measured on a 
Gaertner comparator (with a least count of 
0.001 mm) and the readings were reduced with 
the help of a ten-place electrically operated 
Monroe calculator, which was also used in the 
search for frequency differences. 


Table I lists the energy levels of Au I as now 
known, with their energies referred to the newly 
determined series limit. All of the levels have 
been newly evaluated from the present measure- 
ments. Table II gives all of the classified wave- 
lengths of Au I. 

Some of the 
comment. 

5d ns *S,.—The first five states of this series 
were confirmed as classified by Thorsen. The 
one line on which he based the 5d11s term 
could not be found, and the present value for 
this term is supported by two transitions with 
the expected frequencies and intensities. The 
present values of the 5d'13s and 5d"14s terms 
are each based on one line, as in each case the 
second possible transition seems to be masked 


assignments deserve further 








868 


(air) 


10,109.0 
10,066.5 
9898.1 
9708.7 
9552.5 
9529.3 
9442.4 
9408.7 
9391.7 
9164.8 
9098.8 
9085.1 


8984.7 


8943.1 
8828.3 
8824.1 
8777.0 
8741.4 
8736.3 
8677.8 
8570.2 
8556.9 


8356.7 


8248.2 


8078.2 
8045.5 
8029.5 
7931.2 
7704.6 
7612.8 
7510.74 
7495.57 


7191.61 


6794.54 
6700.32 
6663.20 
6660.52 
6654.73 
6652.33 
6495.22 
6387.68 
6336.66 


6321.15 


6305.00 
6286.80 
6278.30 
6254.96 
6246.50 
6186.69 
6156.44 
6065.57 
6059.61 
5957.02 
5932.32 
5863.17 
5837.29 
5810.32 
5793.16 
5741.24 
5734.69 
5726.75 
5721.51 

5691.47 
5660.18 


v 


9889.4 

9931. 
10,100. 
10,297. 
10,465.6 
10,491.1 
10,587.6 
10,625.5 
10,644.8 
10:908.3 
10,987.4 
11,004.0 


11,127.0 


11,178.7 
11,324.1 
11,329.5 
11,390. 
11,436. 
11,443. 
11,520. 


Nm NM Ww 


— We UIW Wh 


132.1 


13,901.26 


14,713.64 
14,920.55 
15,003.67 
15,009.71 
15,022.76 
15,028.18 
15,391.69 
15,650.82 
15,776.83 


15,815.54 


15,856.05 
15,901.95 
15,923.48 
15,982.90 
16,004.55 
16,159.27 
16,238.67 
16,482.21 
16,498.15 
16,782.28 
16,852.15 
17,030.90 
17,125.94 
17,206.00 
17,256.96 
17,413.02 
17,432.91 
17,457.08 
17,473.07 
17,565.29 
17,662.36 
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TABLE II. Classified lines in Au I. 


CLASSIFICATION 


10s ?S;—7p?Py 
8d 2D, —7p 2P, 
Od 2D, — 18°; 
6d 2D 14—10°s, 
6d 2D y4—- 9°" 
44—7p*Py 

10s 2S;—Tp 2P, 
9d 2Diy—Tp?Py 
9d?Dy3—Tp?Py 
10d 2) 14 —18°s 
lls*Sy—7p?Py 
6d 27Dy—7°s5 

8d 2D 4—16° 


\ 11d 2Dy—19°,, 


12, —5Sf2Fx 

9d 2Dy— 7p sp, 
13,5—5f2Fy 

8d 2D24— 15° 
10d 2D14—7p 2Pij 
10d 2D2—7p 2P 1, 
141,—5f 2F a 

125 °S,—7p *2P, 
lls 2S,—7p sp, 
11d 2D.;—7p 2P, 


\ 11d 2D —7p 2P\ 


7s ey —8p sP, 
135 28;—7p *Py? 
42) — 16°) 

75 *S;—8p *P i, 
10d 2Du- 1 7°94 
42, — 15° 

11d 2D—17°s 
10d 2D1,—7p 2P, 
7s 25,—6p 2P iy 
12d 2D, —17°s 


{104;—20°,, 
8d 2D2;—14°,, 


514 —19° 14? 
5. ah, 
62;—19°), 
133—11°s, 
514 — 18° 

6d *Dsy—5°, 
112;—19°); 
101; —18°s, 
6d *D1,—3°2 
13,,—20°,, 


\ 7d 2Dy—10°s 


7d 2D —10°s 
2oy—11°s 

6s? *D\,—6p *P, 
7d2Dy—9°1 
14,,—20°,; 
13,—10°s, 
7d°Dy—8° 
7d 2D —7°s) 
6d *D 2 — 2° 
133-7 34 
625 — 17°) 
204— 10°, 

7s 2S;—6p *P, 
8d 2Dy—11°s 
135—19°x, 
12245—18°., 
514,—-16°y 
3145-12°, 
23—-8°y 

1314 —18°s, 
§13—15°s5 








(air) 


5655.72 
5641.32 
5636.82 
5630.82 
5569.67 
5534.82 
5531.90 
5520.24 
5465.87 
5457.73 
5452.18 
5446.96 
5427.22 
5408.39 
5334.78 
5324.20 
5261.80 
5230.29 
5225.26 
5215.28 
5204.57 
5180.29 
5161.13 
5147.46 
5123.50 
5122.01 
5108.86 
5074.57 
5067.62 


5064.69 
5051.69 
5043.44 


5030.61 
4985.42 
4967.86 
4961.64 
4957.54 
4950.77 
4948.11 
4942.40 
4902.25 
4886.32 
4885.41 
4875.24 
4873.99 
4872.20 
4866.22 
4822.97 
4811.61 
4806.17 
4795.01 
4792.63 
4775.98 
4752.43 
4749.30 
4747.08 
4731.06 
4721.61 
4694.69 
4679.24 
4672.45 
4671.47 
4664.43 
4658.75 
4620.50 
4612.47 
4607.48 


v 


17,676.35 
17,721.44 
17,735.59 
17,754.49 
17,949.41 
18,062.43 
18,071.96 
18,110.17 
18,289.64 
18,317.56 
18,336.25 
18,353.78 
18,420.53 
18,484.67 
18,739.75 
18,776.95 
18,999.63 
19,114.10 
19,132.49 
19,169.10 
19,208.53 
19,298.58 
19,370.22 
19,421.70 
19,512.49 
19,517.44 
19,568.40 
19,700.63 
19,727.64 


19,739.06 
19,789.58 
19,822.22 


19,872.82 
20,052.91 
20,123.79 
20,149.02 
20,165.68 
20,193.26 
20,204.11 
20,227.46 
20,393.12 
20,459.60 
20,463.41 
20,506.02 
20,511.36 
20,518.90 
20,544.11 
20,728.34 
20,777.23 
20,800.79 
20,849.20 
20,859.43 
20,932.28 
21,036.00 
21,049.89 
21,059.71 
21,131.02 
21,173.31 
21,294.72 
21,362.70 
21,396.07 
21,400.57 
21,432.77 
21,459.00 
21,636.64 
21,674.31 
21,697.88 
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CLASSIFICATION 
223 —7° 35 
625—16°) 
8s 2S; —5 1} 
14,,—18°., 
623— 15°. 


112, — 15°24? 
8d 2D, —10°s)? 
40, — 1 1°34? 

8d 2D14—9°1 
8d 2D14—8°1 
8d 2D —8°;, 
314— 10° 
134—6°4 

10s 2Sy—9°, 
314-91) . 
152;- 19°,;? 
l4y-— 1 7°24 

10d 2Doy—11°s; 
3u-8*y 
162;—19°,, 
1525—18°.; 
425—10°s 

9d 2D ,— 10° 
Od 2D, — 10°, 


6s? 2D \,—6p 2Py 


9d 2D —8° 
1414—16°,4? 
405—7°s) 
13,;—15°s 

lis 25,—-9° 1; 
1414—15°x 
62;—14° 
7d*Dy—5°y 

7d 2D —5°y 
10d 2D14—10° 2 
10d 2D 2;— 10°)? 
$4—13°, 

6s? 2D 4y—1° 2 
6d 2D\,—6p *P 
10,,—14°y 
112;—14°) 

6d 2D,—6p 2*Py 
10d 2D 4—8°x4 
11d 2D\4—10°x 
11d 2D2oy— 10°24? 
150,5—17° 

7d 2D —4°. 
101; —13°? 

7d *Dy—3°2 
162;—17° 

12d 2D, — 10°23? 
12d 2D2,;—10°s 
133—4°2 

11d 2D4—8°, 
133 —3° 

9s 284-5° uy 
22,—-5°y 
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SPECTRA OF Au 869 
‘TABLE I1.— Continued. 
l 

air) » INT. CLASSIFICATION (air) v INT. CLASSIFICATION 
4549.33 21,975.06 10 7d 2D»)- —2°s; ? 3553. 66 28,132.00 12 94—-6°4 
4488.28 22,274.12 20 wie 3535.86 28,273.61 1 160; —11°3;? 
4477.73 22,326.50 6 225—4°s 3509.04 28,489.70 7 315 —- 1° 
4451.25 22,459.32 3 1623 —15°2;? 3471.60 28,796.95 20 8d *Dy—6p *P, 
4437.42 22,529.46 30 2045 — 4°94 3467.23 28,833.32 70 8d oe *P iy 
4430.89 22,562.46 15 122,—14°,) 3440.60 29,056.43 12 49-474)? 
4401.48 22,713.22 9 13,43—14°, 3424.62 29,191.95 2 9d 2D y,—1° 
4353.37 22,964.28 3 8d 2Dy—-5° 3421.50 29,218.63 4 9d *Dy—5S°y 
4346.52 23,000.46 3 8d 27D, —5°y 3395.43 29,442.90 12 10s 2S;—6p p,, 
4333.81 23,067.87 3 1714; —15°.;? 3391.34 29,478.43 7 31,— 6p *P, 
4315.12 23,167.83 35 223 —2°3; 3384.21 29,540.55 2 152;—8°s; 
4294.66 23,278.20 30 14,,—13° 3382.04 29,559.50 5 623—-5°y 
4241.80 23,368.22 30 8s 2S,;—6p *P 1, 3378.48 29,590.68 1 162;—9°1, 
4227.86 23,645.82 15 3143-5 ° 3361.19 29,742.87 12 159,;—7°s) 
4206.75 23,764.65 3 623;—11°s; 3355.19 29,796.06 12 6s? 2D, — 8°, 
4201.09 23,796.67 15 8d 2D y4—3° 3349.54 29,846.24 9 162—8° 1 
4194.39 23,834.89 6 8d *D4—3° 2; 10,44—5°,, 
4177.73: 23,929.72 7 83;—11°s; 3343.68 = 29,898.55 2 Sy 45 
4160.69 24,027.83 4 94-11 3} | 162;—7° 34 
4128.60 24,214.47 35 44—5°; 3327.15 30,047.16 45 4: > — 6p *Py 
4118.43 24,274.27 3 315 — 4° | 6s? *Dy—% 4 
4084.09 24,478.31 40 315 —3° oy 3321.22 30,100.82 3 515 —3° a4? 
4065.09 24,592.78 45 6d *D,,—6p"P, 3320.17 30,110.36 100 7d *Diy —6p*P, 
4059.85 24,624.52 6 514 —10° 2, 3318.35 30,126.85 5 5f *F°s;—O6p ? 2pe ; 
4052.76 24,667.53 (9) 150,—14°,, 3312.46 30,180.35 9 Od 2D —6p?Py 
4040.95 24,739.70 25 6s? 2D — 3°; 3309.64 30,206.07 30 9d *Da—6p*P i, 
4032.21 24,793.32 6 54 —-9° 5 3308.32 30,218.18 25 6s? *Dy— 10° 2} 
4024.02 24,843.75 3 425—4°o) 3289.36 30,392.32 2 62;—3°2 
4012.71 24,913.80 3 62,;—10°.; 3282.93 30,451.80 50 174,—8° 
4003.67 24,970.05 3 1625 — 14°)? 3273.51 30,539.45 7 lls 25) Op 2Py 

f 54 —-8°y 3271.60 30,557.31 1 83,;—3° 24 
5991.39 = 25,046.87 20 4u—3°s) 3269.56 30,576.40 8 ie 
3986.45 25,077.90 6 83,;— 10°; 3252.91 30,732.88 1 1014 — 3°24? 
3985.82 25,081.87 6 4 —9°) 3226.01 30,989.54 6 10d *D\,—6p *Py 
3973.04 25,162.55 3 10d 2D» 4—5° 1} 3225.25 30,996.48 25 10d *D»3—6p *P 
3970.21 25,180.49 ‘ 9d 27D \,—3°: 3221.85 31,029.19 7 62, —2°s 
3966.19 25,206.00 6 9d 2D.,—3°s, 3204.73 31,194.88 9 83, —2°3 
3958.82 25,252.93 9 10,;—10°» 3202.99 31,221.56 5 12s *2S;—6p *Py 
3951.60 25,299.07 6 112;—10°2;? 3194.72 31,292.65 7 94 —2°3 
3950.43 25,306.56 9 7d *Dy ~1°,, 3191.76 31,321.61 12 9s *S,;—6p *P, 
3945.88 25,335.75 6 62,—8°; 3181.99 31,417.45 (4) 11.,;—2°s; 
3943.73 25,349.56 5 7d *7Day— 1°.) 3172.10 31,515.8 6d? lid*D,—6p*Py 
3930.81 25,422.34 6 10,,—9°, 3171.63 31,520.47 20 11d *Doy—6p *P,; 
3914.72 25,537.40 6 62—7°s 3157.72 31,659.25 1 122,;—5°14? 
3909.51 25,572.09 9 6s? *D 4, —5°, 3156.31 31,673.47 6 13s *S;—O6p *Py 
3897.84 25,648.00 12 133—1°s) 3142.55 31,812.06 (2) 13143—-5°y 
3893.83 25,674.40 6 10;,;—8°1;? 3136.18 31,876.69 5 12d *Dy—6p*P i, 
3892.14 25,685.55 9 4,;—2°3) 3135.80 31,880.52 10 12d *Dy—6p *Py 
3886.38 25,723.62 6 112;—8°; 3125.66 31,983.92 20 14s *7S,;—6p *Py 
3874.75 25,800.83 9° 94 —7° 3) 3123.84 32,002.60 2 144 —5°x)? 
3864.84 25,866.98 9 122;—11°s; 3122.82 32,013.08 (150) 6s? *Dy— 6p *P 
3853.21 25,945.06 + 6s? 2D 4, —4° 3110.66 32,138.28 9 13d ‘Dap 2P., 
3801.88 26,295.34 30 7d?D\,—6p *Py 3096.14 32,288.88 3 12, 24 
3799.55 26,311.46 1 6p *P° 1, —Sf 2F3,? 3092.38 32,328.24 5 14 Dy" 6p tP 
3795.95 26,336.38 90 7d 2D)», —6p 2P,, 3081.62 32,441.07 6 1343-479 
3700.69 27,014.25 25 122,—10°2; 3065.43 32,612.37 40 8d ‘D6 *P iy 
3679.92 27,166.80 30 1314—10°., 3063.61 32,631.78 1 144,—4°: 
3657.37 27,334.29 2 131,;—9°, 3029.23 33,002.09 40 6s? IDs, _ 1s 
3654.27 27,357.48 1 14;,—10°s, 3017.46 33,130.85 8 122,—2°s 
3650.79 27,383.48 30 8s 2S; —6p 2P, 3005.86 33,258.57 12 10s 2S,;—6p *P, 
3643.95 27,434.95 4 122,;—8°, 3002.64 33,294.35 10 314, —6p *P, 
3634.32 27,507.65 (50) 9s 2S,—6p *P i; 2940.68 33,995.85 25 9d *Dy— 6p *P, 
3623.78 27,587.65 9 1314,—8° 2930.61 34,112.66 3 Syl? 
3598.75 27,779.53 3 14,,—8°, 2914.84 34,297.23 30 6s? *7Dy4— 13°, 
3594.81 27,809.97 + 8d *Dy,—1°x 2909.93 34,355.01 9 Lis *S,;—6p *P, 
3590.34 27,844.60 2 8d *Do,— 1°; 2905.91 34,402.51 20 62, — 1° 
3586.76 27,872.39 45 753—-O°u 2891.99 34,568.15 10 8345— 1° 
3574.06 27,971.42 2 152;—11°s)? 2883.45 34,670.43 25 6s? 2D — 14°, 
3566.07 28,034.18 5 83;—6°4; 2873.42 34,791.50 20 11o,;—1°s; 








870) "E 
TABLE IT. 

(air) v INT. CLASSIFICATION 
2872.38 34,804.19 20 10d jp. sp, 
2864.33 34,901.94 8 162, —3°; 
2853.29 35,036.99 8 12s 25,—6p sp, 
2831.51 35,306.45 3 171;—4°4? 
2829.53 35,331.20 12 lid 2D1;—6p *P; 
2816.99 35,488.38 3 13s 2S,—6p 2P, 
2815.34 35,509.26 15 1744, —-3° x3 
2800.91 35,692.14 7 12d 2D 14—6p 2P, 
2792.23 35,803.16 3 145 2S, —6p 2P, 
2780.82 35,949.93 25 13d 2D1;—6p 2P; 
2766.09 36,141.48 3 14d 2D4—6p 2P, 
2748.24 36,376.11 50 6s? 2D — 2°.) 
2700.90 37,013.77 30 6s? 2D 2; —3°x 
2688.72 37,181.37 20 6s? 2D 4,—15 4 
2686.08 37,217.95 3 6s? 2D —4°> 
2675.95 37,358.68 50 6s 25)— 6p? 2p, 
2641.49 37,846.11 30 6s? 27D 2 —5°, 
2590.04 38,597.92 15 6s? *Diy— 7p 2P, 
2589.25 38,609.71 20 15» 24 — 1°? 
2544.18 39,293.54 12 6s?2D,—7p2Py 
2529.56 39,520.70 3 174 —1°s 
2510.52 39,820.35 7 6s? 2D, — 18° 
2491.20 40,129.30 6 6s? 2),;—19° 1, 
2427.95 41,174.5 (125) 6s °S\— 6p *P 1, 
2404.88 41,569.8 5 6s? 2D, — 20° 
2387.75 41,867.8 40 6s? 2D —7°s) 


by an impurity line. The positions of these 
latter levels are predicted by the series formula 
with an accuracy of about 2 cm. 

To determine the series limit, the four terms 
of the 5d°ns series with n=7, 8, 9, 10, the four 
terms of the same series with n=9, 10, 11, 12, 
and the four terms of the 5d'°nd series with 
n=10, 11, 12, 13, were fitted to an extended 
Ritz formula of the type given by Shenstone." 
These three determinations give the series limit, 
5d 1S), of Aull, as 74410 cm above the 
ground level, 5d'6s 2S;, of Au I, with an average 
deviation of 3 cm. 

5d np *P,,1;—The intensities in the combina- 
tions given for 5d8p are irregular, but these are 
the only combinations with satisfactory fre- 
quency differences in the expected region, and 
the separation of the *P terms is of the right 
order of magnitude. The irregularity in the 
progression of the Rydberg numbers may perhaps 
be attributed to the perturbation of the 5d'7p 
terms by the 5d°6s6p group. In Ag I, Shenstone"! 
observed the same phenomena exhibited here 
fewer members of the p series were found than 
of the s or d series, and the intensities of some 





10 A, Go. . Shenstone, Phil. Trans. Roy. Soc. A235, 195 
(1936). 
11 A, G. Shenstone, Phys. Rev. 57, 894 (1940). 
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Continued. 


XN air) v INr. CLASSIFICATION 
2376.28 42,070.1 20 4, —_ 8° 14 
2362.04 42,323.1 6 22)5—9°, 
2352.58 42,493.0 50 6s? 2D, — 10°. 
2213.18 45,169.7 7 6s? 27D 14,—8p * 2p 
2198.32 45,475.0 1 6s? 2D ,—8p 2Pi, 
2170.75 46,054.7 20 6s? 2D —5f 2F 2, 
2129.47 46,945.1 6 6s? 2D», — 14°, 
2126.63 47,007.8 15 6s 2S;—5°, 
2021.39 49,454.9 2 6s? 2D — 15°», 
2012.05 49,684.2 15 6s? 2D — 16°) 


\ vacuum) 


1978.19 50,551.2 30 6s* *Doy—17°x 
1951.93 51,231.6 25 6s 27S\;—8°, 
1942.31 51,485.0 45 6s 2S,—9° 4 
1939.21 51,567.6 2 6s?*Doay—7p?P i; 
1919.64 52,093.1 20 6s? 2D, — 18° 
1857.21 53,844.4 10 6s? 2D — 20° 
1714.57 58,324.0 10 6s? ? +} o—5f 2Ds; 
1699.38 58,844.9 4 6s 2S,;—16°), 
1665.78 60,031.9 12 6s 2S\—- ip? 2P, 
1646.59 60,729.3 20 6s °*Sy—7p?P i, 
1624.36 61,562.7 N 6s 2S;—19°,, 
1587.24 63,002.4 20 6s 2S;— 20°), 
1501.35 66,606.7 1 6s 2S;—8p *P, 
1494.57 66,909 7 6s 2S;—8p?P 


combinations involving the p series were highly 
anomalous. 

5d" nd 2D\;2,;.—The terms 5d"6d, —7d, and 
—8d were confirmed as classified by Thorsen, 
as were also the single levels 5d'9d?D,, and 
5d"10d 2D,,. However, new choices have been 
made for the transitions 5d"°9d *D2,—5d"™6p *P, 
and 5d"10d ?D.,—5d"6p?P,;, which fit better 
the trends of intensity and separation in the 
series than do Thorsen’s choices, as shown in 
Table III. The lines Thorsen assigned to these 
transitions have been newly classified elsewhere. 

The d series is slightly perturbed by the low 
5d°6s7s terms. 

5d5f ?F.2;,3;.—The levels assigned to this 
structure are based on single transitions, but 
these transitions are the strongest lines in the 


TABLE III. Intensity of 7D2,—*?P and *D separation in the 
diffuse series of Au 1. (The data given are from the 
present study.) 


THORSEN PRESENT WORK 
INT. SEP. INT. SEP. 
7d 90 41.04 90 41 04 
8d 70 36.37 70 36.37 
9d 25 37.83 30 25.72 
10d 7 39.65 25 6.94 
1id — — 20 4.7 
12d — -- 10 3.83 
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TABLE IV. Energy levels in Au II. 





J REFER 

TERM SYMBO! VALUE ENERGY ENCES 
5d'° 1S, 1 0 0.0 S-T 
5d%6s(23, 3) 2 3 15,039.0 M-M 
3 2 17,639.4 M-M 

5d%6s(13, 3) 4 1 27,764.5 M-M 
5 z 29,620.8 M-M 

5d*6s* 6 + 40,478.3 M-M 
7 2 48,510.4 M-M 

8 3 52,176.0 M-M 

9 0 55,436.6 New 

19 2 58,191,2 M-M 

hs 1 59,101.0 New 

12 4 61,384.5 New 

5d°6p(2}, 3) 2 63,052.5 M-M 
2° 3 65,002.9 M-M 

5d*6s* 13 2 68,145.1 New 
5d°6p(23, 13) 3 4 72,494.8 M-M 
t 2 73,177.8 M-M 

5° 1 73,403.1 M-M 

5 3 74,790.9 M-M 

5d°6p(13, 3) is 2 76,658.7 M-M 
3° 1 81,659.1 M-M 

5d°6p(13, 13) a° 0 82,613.0 M-M 
10 3 85,699.2 M-M 


expected region, and the separation is of the 
expected order of magnitude. The transitions 
assigned to this configuration by McLennan and 
McLay were not found. The present assignments 
are further confirmed by discovery of two weak 
(forbidden) lines from 5d"°5f to the ground state, 
similar to the forbidden lines found by Shenstone 
in his studies on Ag I with a hollow cathode. 

5d*6s7s.—It is a little surprising that the new 
term of this configuration, 42;, has not been 
previously found, as the lines involved are fairly 
intense. The low levels of this group show clearly 
the near-jj-coupling of the 7s electron with the 
5d*6s group of Au II. The four high levels should 
lie near — 7500 cm. 

5d°6s6p.—This structure should give rise to 
twenty-three levels. Of the eighteen previously 
proposed, two have been eliminated, while four 
new levels are here presented. Three high terms, 
with J values of 3, 3, and 33, are yet to be 
located. 

The discarded levels were based only on one 
and two transitions, respectively. The four new 
states suggested account for several strong lines. 
The J value of the term 19° has been changed 
from 3 to 1} to account for a transition to the 
term 6. The level 17° has been changed from 
J =3} to J=2} because of the apparent combi- 
nations of this term with —10d, —11d, and 





J REFER 

PERM SYMBO! VALUI ENERGY ENCES 
5d°6p(13, 13) 11° 1 85,707.0 M-M 
’ 2 86,565.1 M-M 

5d*6s? 14 0 91,114.4 New 
5d°7s(23, 3) 15 3 108,172.2 M-M 
16 2 108,630.8 M-M 

5d°(2})6d 17 1 116,049.8 M-M 
18 4 116,945.8 M-M 

19 2 117,065.2 M-M 

20 1 117,296.9 M-M 

21 3 117,511.4 M-M 

22 3 117,982.8 M-M 

23 2 118,028.9 M-M 

24 4 118,167.6 M-M 

5d°7 p(23, 3) 13° 2 119,446.1 New 
14° 3 120,256.5 New 

5d°7s(1}, 3) 25 | 120,822.1 M-M 
5d*6s6p 15 2 120,952.0 New 
5d°7s(14, 3) 26 2 121,117.8 M-M 
5d°7p(23,13) 16 2 121,784.2 New 
17° 1 121,862.0 New 

18° 4 123,061.8 New 

19° 3 123,343.8 New 


—12d*D,y. The J value of the state 16° has 
been revised from 3} to 14, because of discovery 
of the resonance line 1699.37A; it is not clear 
why the transition to 6s?*Dy does not appear. 
Since all of the expected 2} levels of this con- 
figuration are now known, the term 14° cannot 
have a J value of 2}, and therefore the value 1} 
has been assigned to it. 

A number of newly-found weak lines have 
been classified in Table I as 5d* 6s6p—5d'nd 
transitions. Some of the identifications may be 
spurious, as the intensities are somewhat ir- 
regular; but most of these transitions are 
believed to be real. 

The 5d%6s6p group shows a general similarity 
to 5d°6p of Au II. Both configurations have an 
over-all separation of about 24,000 cm™, divided 
into two groups 12,000 cm~! wide based, re- 
spectively, on 5d°?D., and 5d**D,, of Au III. 

5d°6s6d.—This configuration should contain 
thirty-four levels, all above the series limit. Of 
the six terms previously announced, one has 
been discarded because the measured frequency 
differences were at variance with the expected 
values; and another has been eliminated because 
two of the three transitions previously assigned 
to it were not found. The term 62, is well estab- 
lished, but the states 75;, 83,, and 94, are dubious 
as they are based on a very small number of 
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8999.7 
8867.6 
8599.1 
8272.9 
8114.6 
7600.49 
7555.81 
7457.05 
7344.43 
7101.60 
6794.84 
6714.26 
6671.02 
6589.54 
6571.34 
6061.90 
5695.73 
5691.47 
5644.94 
5564.41 
5427.22 
5413.28 
4760.10 
4626.80 
4448.61 
4431.80 
4420.81 
4361.06 
4359.45 
4259.90 
4111.42 
4076.34 
4052.76 
4016.04 
3812.31 
3804.05 
3706.56 
3634.32 
3633.24 
3551.57 
3523.35 
3391.34 
3302.72 
3294.61 
3251.35 
3230.63 
3182.00 
3172.31 
3164.79 
3142.55 
3126.82 
3122.82 
3093.004 
3015.840 
2994.820 


2990.276 


2982.102 
2954.224 
2918.250 
2913.536 


2907 .056 
2893.299 


11,108.5 

11,273.9 

11,625.9 

12,084.3 

12,320.2 

13,153.43 
13,231.20 
13,406.44 
13,612.01 
14,077.46 
14,713.00 
14,889.59 
14,986.08 
15,171.58 
15,213.42 
16,491.92 
17,552.15 
17,565.29 
17,710.08 
17,966.41 
18,420.53 
18,467.97 
21,002.02 
21,607.26 
22,472.64 
22,557.78 
22,613.91 
22,923.83 
22,932.24 
23,468.15 
24,315.86 
24,524.79 
24,667.53 
24,893.14 
26,223.40 
26,280.33 
26,971.55 
27,507.65 
27,515.83 
28,148.55 
28,374.08 
29,478.43 
30,269.39 
30,343.89 
30,747.62 
30,944.76 
31,417.45 
31,513.68 
31,589.49 
31,812.06 
31,972.07 
32,013.08 
32,321.68 
33,148.66 
33,381.33 


33,432.00 


33,523.68 
33,839.98 
34,257.11 
34,312.63 


34,389.02 
34,552.53 
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TABLE V. Classified lines in Au II. 
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CLASSIFICATION Nair) v INT 
124— 3% 2856.752 34,994.53 20 
15;—13°, 2846.962 35,114.87 80 
162.—14°; 2837.870 35,227.36 25 
15;—14°; 2833.022 33,287.62 9 
16.—15° 2825.453 35,382.10 20 
162— 16°» 2823.170 35,410.85 25 
162.—17°, 2822.550 35,418.56 250 
12,— 6° 2819.800 35,453.12 30 
15;— 16°. 2805.214 35,637.47 25 
l1,— 4°: 2802.064 35,677.49 40 
162.— 19°; 2748.708 36,370.00 20 
15;—18°, 2688.161 37,189.10 20 
102.— 4°, 2687.628 37,196.50 20 
15;—19° 2627.016 38,054.67 20 
10.— 5°, 2616.401 38,209.05 50 
72— 2° 2552.666 39,162.99 45 
132—10°3? 2537.889 39,391.00 10 
132—11° 2533.519 39,458.92 60 
14o>— 5°, 2460.159 40,635.6 8 
%— 5°, 2419.418 41,319.7 3 
132—12°,? 2416.503 41,369.6 9 
10.— 7° 2371.475 42,155.0 9 
8;— 4% 2364.781 42,274.3 12 
15;—12°, 2344.146 42 648.3 4 
15;—10° 2340.063 42,720.8 25 
11,— 8 2331.800 42,872.2 7 
8;— 6°; 2315.746 43,169.4 20 
16.—11°, 2314.551 43,191.8 25 
162—10°; 2312.08 43,237.8 7 
10.— 8°, 2304.689 43,376.6 45 
12,—10°; 2295.13 43,557.1 4 
6,— 2° 2291.400 43,628.0 25 
72— 4° 2289.59 43,662.4 2 
72— 5° 2283.300 43,782.7 25 
%-— 8° 2277.87 43,887.1 4 
72— 6° 2277.518 43,894.0 25 
l62.— 8°, 2263.88 44,119.6 18 
10.—10°; 2263.620 44,163.3 80 
102.—11° 2254.928 44,333.5 6 
72— 7° 2248.97 44,451.0 7 
10.—12°, 2248.560 44,459.1 70 
17,—12° 2240.164 44,625.8 25 
9o—11°) 2231.18 44,805.2 30 
17,—11°, 2228.880 44,851.6 45 
14)—17°, 2220.714 45,016.6 10 
21;—12% 2215.626 45,119.8 35 
22;—12° 2213.167 45,169.7 7 
153;— 7°? 2210.66 45,221.4 9 
20,;—11° 
21,—10°, 2201.32 45,413.1 25 
l6.— 7° 2197.71 45,488.5 4 
64— 3% 2193.34 45,578.3 + 
232—11°, 2190.44 45 ,638.6 2 
72— 8° 2188.81 45,672.8 35 
15.— 6°; 2125.29 47 ,037.7 30 
17;:— 9% 2110.68 47 ,363.2 60 
5e— 1% 2108.17 47,419.4 ; 
8;—10° 2098.14 47,646.1 20 
162.— 6°; 2095.13 47,715.0 35 
25,;—12° 2085.31 47,939.6 6 
6.— 6° 2082.09 48,013.5 150 
17:1— 8° 2044.54 48,894.7 50 
8;—12°% 2000.81 49 963.0 25 
262—12° 


CLASSIFICATION 


15;— 4° 
25,—11°; 
16.— 5° 
4.— 1% 
S2— 2°; 
262—11°; 
26:— 10 
162.— 4° 
20,— 8°, 
15;- 3 4 
23.— 8°, 
72—10° 
7o—11°) 
72—12 
25,— 9° 
25:— 8° 
17,— 7° 
262— 8°, 
20:— 7° 
22 7°? 
232e— 7° 
18,— 6°; 
19.— 6° 
17,-— 5° 
21;-— 6 
17,-— 4°: 
15;— 2° 
22;- 6 
23.— 6° 
244— 6°: 
5e- 4°, 
162.— 2°; 
19,.— 5°, 
Se— 5° 
19,— 4°; 
20:— 5° 
20;— 4°: 
25:— 7°: 
21;- 4°. 
18,— 3° 
26.— 7% 
232— 5° 
22;— 4°: 
232— 4° 
21;— 3% 
153;— 1°% 
So 6°; 
6,— 10° 
fi io £ 
| 41- 4° 
22;- 3°, 
162.— 1° 
4,— 5° 
24,— 3% 
2 ' 
32— 2° 
251— 5°: 
25:— 4° 
262.— 5°, 
262— 4° 
23;- 1° 
4,- 7°. 
2;— 2°3 
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TABLE V.—Continued. 

















A(vacuum) , INT CLASSIFICATION | (vacuum) ’ INT CLASSIFICATION 
1949.24 51,302.0 4 132—13° 1486.49 67,273 25 8;— 13°. 
1925.23 51,941.8 10 18,— 2°; ( 8;—14° 
1921.64 52,038.8 20 52— 8°: 1468.97 68,075 30 , 32—11°, 
1920.73 52,063.8 1 19%— 2°; | 32—10°; 
1918.93 52,112.3 7 13.—14 1453.88 68,781 1 8;—15° 
1904.43 52,509.1 10 213— 2°; 1450.81 68,925 3 32—12° 
1887.44 52,981.8 7 22;— 2°; 1436.61 69,608 20 8;— 16° 
1886.96 53,000.9 7 17;— 1° 1410.98 70,862 7 w 8;—18", 
1885.72 53,025.9 2 232— 2°; 1409.67 70,939 1 72— 13° 
1880.79 53,169.1 1 244— 2°; 1405.17 71,166 30 8;—19 
1861.61 53,716.9 1 132—17°, 1398.06 71,529 8 2;—12 
1855.46 53,894.9 7 4,— 8°, 1393.75 71,747 6 72—14 
1851.49 54,012.0 7 19.— 1° 1380.43 72,442 8 72—15°. 
1843.50 54,244.6 4 20:— 1°. 1364.78 73,272 10 72—16°2 
1836.28 54,457.9 10 213— 1°. 1363.20 73,357 8 72—17° 
1823.24 54,847.4 25 4,— 9% 1362.36 73,402 6 lo— 5”: 
1819.05 54,973.7 1 232— 1% 1336.23 74,837 3 72—19 
1811.71 55,196.7 4 132—19°; 1253.38 79,784 2 6,—14 
1800.58 55,537.6 35 32— 4% 1224.57 81,661 20 lo— 8"; 
1793.31 55,762.8 35 32— 5° 1210.80 82,587 5 6,— 18°, 
eK OT 5e—11°, 1206.71 82,869 2 6,—19 
1783.22 s6078.5 e S:—10°s 1166.76 85/707 3 1o— 11°, 
1756.10 56,944.3 35 52— 12° 1103.32 90,636 20 52—14 
1749.71 57,152.3 10 32— 6° 1094.86 91,336 5 5.—15 
1740.47 57,456.0 45 2;— 3% 1090.68 91,685 8 4,—13°; 
1731.01 57,769.7 1 25:— 1° (92,163) 52— 16°, 
1725.89 57,941.4 25 4,—11°, (92,241) 52—17°, 
1721.98 58,072.7 l 262— 1°»? 1073.09 93,192 40 4,—15 
1719.97 58,140.8 10 2;— 4% 1066.96 93,724 8 5.— 19”, 
1700.69 58,799.6 30 4,—12% (94,020) 4,—16°, 
1698.59 58,872.3 2 124—14°, (94,097) 4,-—17°, 
1694.29 59,024.9 7 32— 7° 982.21 101,811 2 32—13° 
1673.61 59,751.4 25 2;— 6° 974.44 102,611 3 3.—14°; 
1657.09 60,346.7 10 11,;—13°.? 967.90 103,309 3 32— 15°. 
1632.54 61,254.2 2 102.— 13° 959.48 104,210 20 32-17%; 
1622.87 61,619.6 2 2;— 7° 957.73 104,411 20 2;—13°: 
1611.18 62,066.3 12 10.— 14°, (105,217) 2,—14 
1595.48 62,683.3 7 11,—16°: (105,704) 32— 19°; 
” oe 102.— 15°. 944.19 105,910 3 2;—15°: 
1598.09 aapieata ae 1 111 —17° (106,745) 2s— 16% 
1562.09 64,016.8 10 3e— 8°, (108,022) ;—18°, 
1534.88 65,151.6 1 10.—19 (108,304) 2;—19 
1505.44 66,425.7 2 9—17°, 820.42 121,888 7 w 1p —17°,? 
lines. The unresolved Zeeman patterns of terms have been discarded, bringing the total to 
Symons and Daley do not contradict these forty-six known even levels and twenty-seven 


latter classifications, but neither do they estab- 
lish them. 

Six new terms are proposed for 5d*%6s6d, and 
three more terms are added near —6700 cm™! 
which may belong to 5d%6s6d or to 5d%6s7s or 
5d°6s8s. Each of the newly suggested levels is 
supported by three or more transitions of at 
least moderate intensity, except for the states 
10;;, 14:;, and 17,,, The latter states are each 
based on only two transitions to previously 
established levels, although the transitions in 
question are intense. 

In the spectrum of Au I, thirty-two new terms 
have been found, and nine previously suggested 


known odd levels in the gold arc spectrum. Of 
the 318 lines involved in these assignments, 
eighty-five had been previously classified. 


Au II 

The levels of Au II are listed in Table IV with 
respect to 5d 'So, the ground state. Table V 
lists all of the classified wave-lengths of the 
Au IT spectrum. 

5d" 'So.—This level, the ground state of Au IT, 
is determined from the previously discovered 
resonance lines of the 5d%6p configuration, 
73,402 cm, 81,661 cm, and 85,707 cm™, which 
have been confirmed. This resonance triplet was 
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first proposed by Sawyer and Thomson from 
measurements with the same type of source and 
the same vacuum spectrograph as in the present 
work. An alternative resonance triad has been 
suggested by Mack and Fromer, but it is not 
supported by the present measurements. The 
intensities given by various investigators for 
these two proposed resonance groups are shown 
in Table VI. Mack and Fromer say of the 
Sawyer-Thomson triplet: “this disparity in 
intensities is contrary to the behavior of almost 
all other known d'—d*p line triads’; but the 
paper of Goble” lists the following observed 
intensities for such resonance groups in the Pt I 
isoelectronic series: 


rr i He Ill Ti IV PB V Bi VI 
1 8 + 1 7 

. 6 8 10 10 10 
2 6 7 7 8 


which seem to be in fair accord with the intensi- 
ties found in the triplet chosen. 

A search was made to see if any other combina- 
tions of lines within 5000 cm~ of the expected 
position could possibly be the resonance triad, 
but no other group was found with the proper 
frequency differences. The levels of Au II in 
Table IV have therefore been evaluated with 
respect to the ground state given by Sawyer 
and Thomson. 

5d°ns.—The 5d%6s and 5d*7s groups were 
confirmed as given by McLennan and McLay. 


TABLE VI. Intensities in proposed resonance triplets 











of Aull. 
B-B* B-B-FT S-T New 
(spark) 
SAWYER- 
‘THOMSON 
TRIPLET 
v Av | 
73,402 (+1) | 4 3 
81,661 (—2) 4 7 20 
85,707 (0) 0 5 
MAcK- 
FROMER 
TRIPLET 
72,388 (—1) 2 —} — 
80,647 (—4) 3 1 tbeseose 4-25) 
3 ao 1[84668(+ 23) ] 


84,674 (+17) | 





* L. Bloch and E. Bloch, J. de phys. et rad. 6, 160 (1925). 

+L. Bloch, E. Bloch, and J. Farineau, J. de phys. et rad. 3, 437 
(1932). 

¢ From unpublished data. , 





2 A..T. Goble, Phys. Rev. 48, 346 (1935). 
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Higher members of the series could not be found 
in the source used since the excitation energy 
was limited by the ionization energy of helium 
to 123,900 cm above the ground state of Au II. 
Transitions from 5d°7s are seen to be enhanced 
because of the nearness of the upper levels to 
this excitation limit. 

From the known terms of the 5d°ns and 5d°np 
series, the limit 5d°*D., of Au III is estimated, 
with the help of Rydberg term tables, to be 
165,000 cm above the ground state of Au II. 

5d°np.—This group of twelve levels was first 
classified by McLennan and McLay. Mack and 
Fromer proposed a new value for the term J=0, 
based on three lines, but the success of their 
assignment depended on a numerical error of 
100 cm~ in one of the transitions, and therefore 
their proposed term must be rejected. The level 
given by McLennan and McLay for J=0 is 
regarded as established, since it makes strong 
combinations with 5d%6s, 5d°7s, and 5d%6d. 

The six members of 5d°7p based on *Dz2, of the 
ion lie below the excitation limit of the discharge, 
and have been found from the intense combina- 
tions they make in the infra-red with 5d°7s. The 
higher members of 5d°7p, based on 5d**Dj,, lie 
above the excitation limit of the discharge, and 
were not found. 

The calculated frequencies of several expected 
combinations of 5d°7p with 5d°ns below 1100A 
are listed in brackets in Table V, because the 
lines, if present, lie so near strong known 
impurity lines that they cannot be measured. 

5d°6d.—Of the ten levels given by McLennan 
and McLay for this configuration, two have 
been discarded. The term with J=5 can make 
only one combination with terms so far estab- 
lished, and so is considered too doubtful. 
Transitions involving the term with J=0 had 
frequency differences at variance with those 
expected, and this term was also eliminated. Of 
the remaining states, the levels 184, 192, and 24, 
probably should be classed as tentative because 
they are based on a small number of lines or on 
rather weak lines. 

Rao has proposed some forty terms for 5d%6d, 
5d*6s*, 5d*6s7s. Many of these levels are based 
on frequency differences which do not agree with 
the expected values, and in the rest, the inten- 
tensities are so low as to suggest that the 
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apparent levels are only a chance coincidence of 
frequency values. Since also, the location of 
levels suggested by Rao is often in violent 
disagreement with theory, none of his classifica- 
tions is included here. 

5d*6s*.—McLennan and McLay listed five 
states of this configuration. The transitions they 
assigned to the level with J=1 have frequencies 
which differ from the calculated values, and this 
term has therefore been omitted here. From the 
four other previously given terms, it has been 
possible to predict roughly the location of the 
remaining five states of the configuration, by 
analogy with the isoelectronic spectra, Pt I and 
Hg III. A prediction of the unknown levels was 
also obtained from the theoretical formulae of 
Johnson® for the general d*? configuration, after 
the constants in the formulae had been adjusted 
to fit the known levels. 

With this aid, the missing five terms of this 
configuration were located. The high level, 14°, 
is established by two transitions which are 
unusually strong, because for one of them the 
upper term is near the helium ionization energy ; 
and for the other, the upper level is near a 
metastable state of helium. 

The relative energies of the states of d's* 
measured from the level with J=3, are given 
theoretically by solution of the following equa- 


tions: 


J=4; F°—E(bX —5)—4aX =0, 

J =3; E=0, 

J=2; B—F*(b+c)X +ELbcX?+ (b+2c)X —25] 
— 3bcX?+ 3X (10+21c) =0, 

J=1; E-cX =0, 

J=0; F?—EX(c+d)+cdX*?—X(c—d)—25=0, 


< 


where a=12+2z1, 
b=5+9, 
c=15—151, 
d=22+27t. 


Energy, E, is given by these formulae in units 
of a parameter, A; to find the energy, W, in 
wave numbers, 


W=EA. 


'3M.H. Johnson, Jr., Phys. Rev. 38, 1628 (1931). 
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Fic. 1. Observed and calculated structure of d*s* group. 


The parameter ¢ depends on the ratio of the 
radial integrals referred to in discussions of the 
Slater method: 


X is the coupling parameter. 

When an attempt was made to fit the experi- 
mental values for d§s? in Pt I, Au II and Hg III 
to these formulae, the most satisfactory values 
found for the parameters were: 


Pr I Au Il He Ill 
A 2280 cm™ 2780 (d*s?)* 3150 
2540 (d°s) 
t 0.48 0.58 0.7 
X 0.47 0.40 0.31 


The agreement between theoretical predictions 
for the structure of d*s* and the observed 
structure of this group in Aull is shown in 
Fig. 1. 
5d*6s6p. 


The term, 15°, appears as an 


* Derived from d*s?, from a calculation on the centers 
of gravity of groups of levels with common J values. 





876 WALTER M. 


interloper among the 5d*6p levels, but is dis- 
tinguished from them by intensity anomalies as 
well as by its failure to fit into the theoretical 
structure of the latter group. This term has 
therefore been assigned to 5d%6s6p, as_ this 
configuration should be the only other group of 
odd levels in the neighborhood. None of the 
other states of 5d%6s6p has yet been identified. 
In the spectrum of Au II, twelve new terms 
have been found, and four previously suggested 


terms have been eliminated (not including the 
states proposed by Rao). This brings the total 
number of known terms in Au II to twenty-six 
even and nineteen odd, and it brings the total 
number of lines assigned in Au to 203, of which 
120 had been previously classified. 

Some 1500 of the lines measured in this work 
remain unclassified. It is hoped that it will be 
possible in the near future, by use of these lines, 
to extend further the analysis of Au I and Au II. 
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The earth's internal magnetic field consists of the field 
of a large dipole and an irregular part which is of the order 
of a few percent of the main dipole field. The field may be 
represented by a series of spherical harmonics and 42 coef- 
ficients are numerically known. The coefficients which 
characterize the irregular part of the field are here statisti- 
cally compared with a simple model for this field. It is 
assumed that an arbitrary number of dipoles are thrown 
at random inside a spherical shell and mean values are 
calculated for the probabilities with which the various 


HE gradually increasing evidence! for the 

existence inside the earth, of a liquid core, 
(radius 3500 km=0.55R), presumably made up 
of molten metals, mainly iron, gives a new 
stimulus to investigations into the origin and 
causes of the earth’s magnetic field. On the basis 
of this evidence one may gain a better under- 
standing of the secular variations of the field. 
These variations, when considered from the point 
of view of a geological time scale, are exceedingly 
rapid, so rapid indeed that in the course of a few 
centuries the non-dipole part of the field will have 
completely changed its aspect. Changes of this 
magnitude are hardly conceivable inside a solid 
body. Now it is found that if the electric con- 
ductivity of the core is of an order comparable 


*Part of this investigation was carried out at the 
California Institute of Technology. 

1B. Gutenberg, ed. Internal Constitution of the Earth, 
(McGraw-Hill Company, 1939). 


spherical harmonics appear in the field produced. It is 
shown that a statistical agreement between the observed 
and calculated coefficients can be obtained only if the 
outer radius of the spherical shell is approximately 0.50R 
and is definitely not in excess of the radius of the earth’s 
core, 0.55R (R, earth’s radius). The result is independent 
of the number of dipoles producing the field. It seems that 
if the latter number is not very large, the result does not 
depend too critically upon the assumption of completely 
random distribution of the dipoles. 


to that of ordinary metals, the interaction 
between the field and any fluid masses moving in 
the core must be intense. Induction currents 
must be set up and their field will superpose 
itself upon any field originally present. For 
various reasons we are inclined to think that the 
entire field originates inside the core, while the 
relative importance of the currents set up by 
the dynamo action of moving masses and of the 
primary currents caused by electromotive forces 
of a still unidentified nature is perhaps difficult 
to estimate. 

In the present paper we shall not deal with 
these dynamical problems of a rather intricate 
nature, but shall confine ourselves to a question 
of a much more simple character. It is well known 
that by a potential analysis of the earth’s mag- 
netic field one can divide it into an internal and 
an external field, the former of which has its 














se 


ni 
by 
m 
or 
pc 


ea 











EARTH’S 


source regions entirely inside and the latter 
entirely outside the earth’s boundary. The inter- 
nal field makes up about 98 percent of the total 
field. The application of the rigorous machinery 
of potential theory does not lead to any further 
information about the sources of the field; it 
seems interesting, however, to see whether, under 
reasonably simple assumptions, additional infor- 
mation may be gained regarding the seat of the 
magnetic source regions. It will be shown here 
that if very simple assumptions of a statistical 
character are made, it follows from the observa- 
tional evidence that the source regions of the 
field must be located inside the boundary of the 
core. 

We shall make use of the very complete har- 
monic analysis carried out by Ad. Schmidt? in 
1895 and referring to the epoch 1885. The coef- 
ficients of the development of the internal field 
in a series of spherical harmonics are given in 
Table I. The spherical harmonics are normalized, 
the figures given in Table I are relative values 
putting the main term (1,0) equal to 10,000. The 
first line for each m represents the cos terms, the 
second the sin terms. The signs indicated are the 
opposite of those given by Schmidt who, in 
agreement with the ordinary electromagnetic 
convention, counts the main dipole negative. The 
coefficients of development as given in Table I 
were obtained by Schmidt through the use of 
values of the magnetic field strength read from 
magnetic charts at 1800 points which are the 
intersections of a series of meridians with a 
series of circles of latitudes. Both series progress 
in steps of 5°, the circles of latitudes going from 
the equator to lat. +60°. 

The major part of this field may be repre- 
sented by a dipole whose axis is inclined by about 
113° with respect to the earth’s axis. The mag- 
nitude and inclination of the dipole is determined 
by the three first-order harmonics. One can 
moreover reduce the magnitude of the second- 
order harmonics by shifting this dipole to a 
position about 340 km off the center of the 
earth while leaving its direction unchanged.’ This 
operation, introducing 3 additional parameters, 
does not completely eliminate the 5 quadrupole 
components and seems to have little physical 


2 Ad. Schmidt, Munich Akad. Abh. 19, 1-66 (1895). 
3H. Bartels, Terr. Mag. 41, 225 (1936). 
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TABLE I 
m i=1 2 3 4 5 6 
0 10000 128 — 193 — 145 28 —3 
742 — 690 254 — 93 — 64 —3 
1 
— 1886 175 61 —51 44 —14 
— 165 — 295 —94 —47 8 
) 
— 3606 —5§ 31 5 —9 
—§2 56 — 3 25 
3 
—141 41 —3 10 
= 20 1 3 
4 
13 13 } 


meaning, especially since Table I does not show 
any discontinuity between the quadrupole and 
the higher order moments. On the other hand, 
there is a certain discontinuity between the 
dipole and quadrupole terms, as we shall see 
later on. In this paper, if we speak of the main 
dipole, we mean a centered dipole, either the (1,0) 
component alone or the inclined dipole deter- 
mined by the three first-order harmonics. 

Recently McNish* has shown by a method of 
empirical trials that the field which remains after 
the subtraction of the excentric dipole may be 
approximated by the combined fields of 14 small 
dipoles located somewhat arbitrarily at a depth 
of one-half of the earth’s radius. Each of these 
dipoles has a strength of about 1 percent of the 
main dipole and radial direction; some of them 
have positive, some negative signs. 

The statistical problem which we propose to 
treat here is allied to this last method, although 
more general. Let N dipoles be placed at points 
which are distributed at random inside a spherical 
shell; we may then ask for the probability of 
finding any given value for the (/, m)th harmonic 
component of the field outside the shell. We 
shall later make a number of appropriate assump- 
tions regarding the magnitude and direction of 
these dipoles. 

Before proceeding to analyze this problem we 
shall introduce a few definitions of which we 
shall have to make frequent use. Let x1, x2: +x, 


+A. G. McNish, Trans. Am. Geophys. Union 2, 287 
(1940). 
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be N quantities; we define the linear, quadratic 
and generally, the kth order mean by 


[aie Xn p= NO (ai txet+:--x,), 
Marta +---x,2), (1) 
Pixies Xn |e= NOE (xy! +e! + + + ox, *) 


= 


[x 9 9X, b= 


These formulae are connected with the ordinary 
definition of the kth moment 1/,, of a statistical 
distribution by 


[xe + Xn e= (My). 


If x isa continuous rather than a discrete variable 
and if its density distribution is p(x), we can 
generalize (1) by putting 


h 


ceh={ fede] | fras| ~ Q) 


OnE DIPOLE 


Let us now consider one dipole which is thrown 
at random into a spherical shell concentric with 
the earth. Let x, y, z be the coordinates of the 
dipole where the z axis coincides with the earth’s 
axis, and let 7, 3, ¢ be the corresponding polar 
coordinates. Further, let R, 6, be the polar 
coordinates of a point at the earth’s surface. If, 
first, a unit monopole is located at r, 3, ¢, we 
have for the potential at the outside: 


x 


U=> (r'/R"*')P,(cosA), (3) 


l=0 
cos A =cos J cos 6+sin J sin 6 cos (y—9@). 


We introduce now the addition theorem of the 
spherical harmonics. It is convenient, in this 
connection, to use the normalized spherical har- 
monics defined by 


Y= (4r)—3(2/+1)'P (cos 8), 


y,'* 
= (2r)-*(21+1)! 


yy," 
(l—m)!)3 {cos my 
x|— | P (cos 3) 
(l+m)! loin me 
The addition theorem reads then 
21+1 . 
——P,(cos A) a Y (v3, ¢) Y (0, ¢) 
4r 
mil 
+-d> Yir(d, g) Vr"(0, o), (4) 
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where the summation index c indicates that the 
sum is to be extended over both the cos and the 
sin terms. The potential of a unit dipole with its 
axis parallel to the s axis is now according to (3) 
and (4), 
U.= > cy" Y,""(0, 6), (5) 
ro 


where the sum symbols have been abbreviated 
in an easily understandable way, and where: 


c= 4n(21+1) Rod, as)r' Yi"(9, ¢). = (6) 


Correspondingly we have for dipoles with axes 
parallel to the x and y axis 


U,= 2 er” Y,"""(8@, do), 


1, m,ec 


U,= Db br Vi""(8, @) 


l,m,e 
with 
ay”"*=4n(21+1)'R-'""(0 dx)r' Vi""(d, ¢), 
(8) 
by = 44(21+1)-'R-"“"(8/ dy)! Vyre(d, ¢). 


In order to calculate the expressions (6) and 
(8), it is convenient to introduce complex 
spherical harmonics which are connected with 
the real harmonics introduced above by 

\2 y+" = Y,"°41Y," (m #0), (9) 
while for m=0 they reduce to the Y,° given 
above. The factor v2 is here necessary in order 
that the Y," may be normalized in the complex, 


Hermitian sense if the real harmonics are nor- 
malized in the ordinary sense. Now we have® 


(0/ds)r'Y"=f"(2+1)3r'“ V7-4, 


(10) 
(8/ax-tia/ay)r'V= Fg, "(Q+1)¥'¥,",, 
where 
fi" = { (L—m) (l+m) /(21+1)?(21—1) }3, “an 


gi" = { (l—m)(l1—m —1) /(21+1)2(21—1) }}. 


From these relations the values of the coefficients 
(6) and (8) may immediately be obtained by 
passing from the complex to the component real 
quantities. We need not write down the explicit 
formulae. 


5 See for instance H. Bethe, Handbuch der Physik, Vol. 
24, I, p. 558. 
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We shall later on be interested in the second- 
order mean, as defined by (2) of the coefficients 
(6), taken over the interior of the spherical shell 
inside of which our dipole is located. Let V 
designate the volume of the shell and ro and 7, 
its outer and inner radius; we find from (6) and 
(10) on carrying out the integration over the 
shell : 


=4r Vf RUM nett — re )t (12) 
and similar, somewhat more complex, expressions 
for the a;"¢ and b;". 

Now the quantity (12) has a very simple 
statistical meaning. If a dipole is thrown into the 
spherical shell and falls upon the point 7, 3, ¢ 
then c;"° represents the amplitude with which 
the (/, m)th spherical harmonic appears in the 
potential produced by the dipole. Hence we may 
presume that [c¢,"* ]2 is the quadratic mean, (the 
square root of the second moment) of the proba- 
bility distribution produced by throwing the 
dipole at random into the spherical shell. We 
shall now justify this presumption. 

Suppose we want to determine the probability 
of finding a coefficient between c and c+dc. 
This probability is equal to év/ V where év is that 
part of the volume in which the dipole must be 
located in order to produce a (/, m)th harmonic 
component of the potential with a value between 
c and c+dc. Hence it may be seen that c is the 
independent and év the dependent variable of the 
problem. To determine the probability distri- 
bution means to find év as function of c. We write 
év rather than dv in order to indicate that év is 
not necessarily an exact differential. Let us 
illustrate these statements by an example. If we 
seek the probability of an almost vanishing 
amplitude c;"° of the (/, mc)th harmonic, the 
corresponding volume will consist of a number 
of narrow strips which run along the nodal sur- 
faces subtended in the spherical shell by the 
solutions of the equation Y;"*(3, ¢g) =0. For any 
other value of c;"* the corresponding 6év will 
consist of a number of similar strips. It is dif- 
ficult to find the analytical form of this prob- 
ability distribution; however, it is now evident 
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from (2) that 


Lo’ k= V+ f (cim)ido} 


represents the kth mean of this distribution. We 
may write here dv under the integral in place of 
dv, since the way in which the elements év are 
summed up does not influence the result of the 


1/k 


integration. . 

It is readily seen that the first-order moments 
of all the c, and a, 6, vanish, because the integrals 
over the spherical harmonics 
vanish, excepting only ¢c,°, and also a,'° and },'*. 
The quadratic means of the c are given by (12) 
and similar formulae for the a and b. We shall 
further use the quadratic means of several, say n, 
coefficients, that is expressions of the form 


corresponding 


|» ‘y- > eae} 


In particular, we shall obtain the means of those 
(2m+1) coefficients belonging to a definite / for 
which m does not exceed a given value. Using 
(12) we find 


[c)°, ase”, c,"* |p 
=4en VOR "RO (r2'41—r2'1)), (13) 
where by means of the relation 
3 m*=m(m+1)(2m+1) 6 
l 
we have from (11) 
F\"= [ fi’, 2fi', «+ -2fv™ }e 
= |? —m(m+1)/3}3(214+1)—7(27—1)-. (14) 


In an entirely analogous way we find from (8), 
(9), (10) and (11) after some calculations that 
the quadratic mean of the 2(2m+1) coefficients 
a,"*, b"* for which m does not exceed a certain 
value is given by 


[a r, *“* 


. ~ bye, by" }e 


“ay, a;", b/, 


=49V3G,"R-''(72441—r2'1)) (15) 
with 
G,"= (Gr, 12 +GP -- Gy" 
= {l(1—1)+m(m+1)/3}! 
x (21+ 1)-1(21—1)-. (16) 
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TABLE II. 
l 1 2 3 1 5 6 
F;? 0.192 0. 163 0.169 0.157 0. 145 0.135 
F;' 0.192 0.163 0.143 0.128 0.130 0.126 
Ge 0.272 0.231 0.181 0.157 0.142 0.131 
Gi 0.272 0.231 0.202 0.181 0.156 0.140 
0.98 F?2+0.20G?, 0.242 0.206 0.202 0.185 0.170 0.158 
0.98 F4+-0.20G;) 0.242 0.206 0.180 0.161 0.158 0.151 
Fyre 0.192 0.179 0.162 0.148 0.137 0.128 


If our dipoles are directed radially rather than 
parallel or perpendicular to the z axis we shall get 
formulae analogous to those given above; we 
merely have to replace 0/02 in (6) by 0/dr. The 
formation of the quadratic means may be carried 
out in exactly the same way as before and for- 
mula (13) remains valid if now we put in place 
of F.” the quantity 


Fy*4 =1(214+1)-!, (17) 


which is independent of m. 
Let us finally consider a dipole of arbitrary 
direction s where 


d/ds=yd ds+ad, dx+Bd/ dy. 
If we now write for the potential of this dipole 


U= » da, Y,""(6, o) (18) 
l,m,c 
we have for the quadratic mean of any one of 
the coefficients : 


[dy p= 4nr(2/+1) "Ro YV 
i) 0 2)3 
fol (nte2 efor] 
Oz ax ov 
If we carry out the square under the integrand we 
may verify from (9) and (10) that the integrals 
over the cross-products vanish. Hence we are 
left with the integral over the sum of three 
squares. Let us furthermore assume that a and 
8 are themselves statistical variables, that is to 
say that, while we keep the z component of the 
dipole constant, we admit all directions of the 
components perpendicular to the z axis and aver- 
age over them. Since under these conditions 


Loa »=[8]},=(1—y")! 


we obtain 


[d,™* ]o =y[cr" e+ (1 —y*)}[ay"*, by" Jo. (19) 





SEVERAL DIPOLES 


Assume now that V equal dipoles are thrown 
into our shell simultaneously and independently 
of each other. First, let their axes all be parallel 
to the s axis. The coefficient c;""* in the develop- 
ment (5) will then be replaced by 


‘ yme 1)+c, me (2) )+- , -cy"(N). 


If now we form the means of the corresponding 
probability distribution, it is seen again that all 
the linear means vanish with the exception of c,° 
(the means of a,'* and },;'* do not vanish, but 
they are made to vanish by averaging over all 
directions of the dipoles perpendicular to the 
z axis). Forming the quadratic means we will 
have in place of (12) 


form (A) +--+ +ey(N) 2 =4aN eg met 


| fa a fide fi joyfry "YP i(d1@1) 


2/-2 me , 
F » 


+°-'ry Y; (Ivey) | | ° 


If the square under the integral is carried out, 
the integrals over all the cross-products will 
vanish; the squares, of which there are N, are 
equal to each other. Hence it follows that 


Cerme(1)+ eee +c,""(N) )»= cy" lo, (20) 


where the right-hand side refers to the case of a 
single dipole. In exactly the same way one can 
generalize (13) and (15) and one finds that the 
eauality (20) holds not only for a single coef- 
ficient like c;"* but for the quadratic mean of any 
number of them. Hence, in all cases, the quad- 
ratic means of the probability distribution for V 
dipoles are identical with the corresponding 
means for one dipole. The same will be true for 
the more general coefficients d;"° of (19). 

Let us next assume that the N dipoles are not 
all alike in magnitude, but have dipole moments 





1, #2, °**sy Which we assume as statistically 
TABLE III. 

! 1 2 3 4 5 6 
obs. Q? | 1433 370 196 92 43 8. 5 
Ratio 0.26 0.53 0.47 0.47 0.20 
obs. OF | 1433 370 177 73 32 11 
Ratio 0.26 0.48 0.41 0.44 0.34 
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independent of the locations of these dipoles. As, 
in virtue of the last assumption, the probability 
distribution is a product of the probability for 
the d;”¢ and of the probability for the u, we have 
for the quadratic mean: 


[dim(1), «+ -di"(N) }p 


=[ 1, da “pn lof di Jo. (21) 


COMPARISON WITH OBSERVATION 


We are now ready to compare our formulae 
with the results of the harmonic analysis of the 
actual field as given in Table I. As the figures of 
this table are ratios of the coefficients to the 
main dipole, we shall divide our calculated 
quadratic means by the coefficient of this dipole. 
If the latter is located at the earth’s center and 
has the strength 1, its potential is 


MR-P,(cos 0) = (49/3)! MR~Y,’. 
Now divide (21) by the coefficient of the main 
dipole and write 
(22) 


>> + pn jof di Jo. 


Assume first that the spherical shell degenerates 
into a complete sphere. We have then from (13), 
(15), (19), (20), (21), and (22): 


Q," = 3M" pu ]o( r/R) 
X (y Fi" + (1 — 77)'G.") 


On = (49/3) ML, 


(23) 


and if the spherical shell degenerates into a thin 
shell of thickness Ar 


Oim=3M—Lyo(r/ RR) { (2041) r/r}} 


XK (y Fo" + (1 —y?)'G2"). (24) 


It is assumed in these formulae (and we shall 
justify the assumption presently) that the 
dipoles are directed preferentially along the z 
axis, y being the mean directional cosine with 
respect to the s axis. The components perpen- 
dicular to the z axis are assumed to have random 
directions. 

The factors F;" and G,", defined by (14) and 
(16), and a linear combination 0.98 F,"+0.20G," 
are given in Table II for m=2 and m=4. 
Whenever / is smaller than the chosen value of 
m, we put m=/ in (14) or (16). The factor (17) 
for radial dipoles is also given. 
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In order to compare our formulae with the 
results of the harmonic analysis of the actual 
field as laid down in Table I, we give, in Table 
III, the quadratic means of a number of observed 
coefficients with the same /. The first line gives 
the mean of the coefficients up to and including 
m=2, while the third line gives the quadratic 
mean of all the coefficients in one column of 
Table I. The second and fourth lines give the 





TABLE IV. 
(i+1)/l 2/1 3/2 4/3 5/4 6/5 
m2 0.30 0.54 0.51 0.51 0.22 
m4 0.30 0.55 0.46 0.45 0.36 
radial 0.28 0.53 0.45 0.48 0.36 


ratios of successive coefficients in the preceding 
lines. 

There is also visible, in Table I, a decrease of 
the coefficients downwards, i.e., with increasing 
m for constant /, although this feature is not very 
marked. Formula (11) shows that for dipoles 
parallel to the ¢ axis the coefficients, for fixed /, 
decrease with increasing m, while for dipoles 
perpendicular to the z axis they increase with 
increasing m. If we form a linear combination of 
both we can only permit a rather small admixture 
of perpendicular components if we want to retain 
a decrease of the coefficients with increasing m. 
Although the statistical evidence of Table I is 
hardly in itself adequate to justify any very 
definite conclusion, the result seems plausible 
from the physical viewpoint. The linear com- 
bination which has been used in Table IT involves 
a mean directional cosine corresponding to a 
deviation of 113° from the earth's axis. 

Going back now to our formulae (23) and (24) 
we have 


(25) 


Qr1/O1 =C-r/R 


where C is a numerical factor. In the case given 
by (23), (full sphere) C is equal to the ratio of 
two successive figures in one line of Table II. We 
may effect a comparison of (25) with observation 
by substituting, on the left-hand side of (25), the 
ratios of the observed quadratic means as given 
in the second and forth line of Table III. If we 
use the numerical factors resulting from the last 
three lines of Table II we obtain the values for 
rR which are contained in Table IV. They are 
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rather uniform and although there is perhaps not 
much sense in taking a mean of them, it appears 
that the true value of r R is near 0.5 and is 
definitely smaller than r/R=0.55 which is the 
boundary of the core. In the case of a thin 
spherical shell given by (24) the resulting values 
of r/R are smaller by about 10 percent. 

The figures in the first column of Table IV are 
too small in comparison to the other figures. 
They have of course a physical sense only if it is 
assumed that the dipole components perpen- 
dicular to the z axis are due to the superposition 
of the auxiliary dipoles rather than to an inclina- 
tion of the main dipole. One cannot, however, 
judge these figures without a knowledge of the 
absolute number of dipoles which cooperate in 
creating the irregular field and this number does 
not appear in Eq. (25). Later on we shall try to 
determine the number of dipoles. 

We might now ask whether our formulae 
would be essentially modified if the dipoles were 
not distributed at random, but with a certain 
regularity, approximating perhaps the structure 
of a lattice. Qualitative arguments might be 
advanced which indicate that there is not much 
difference between the two cases, that a formula 
similar to (25) with a C near unity should also 
hold if a certain degree of regularity prevails. 
Indeed, each individual dipole produces coef- 
ficients, c;"°, etc. and their magnitude is limited 
to a definite interval of values. If several dipoles 
are involved, a single coefficient can become large 
only if the dipoles are distributed inside the shell 
according to a pattern which has the same type 
of symmetry as the spherical harmonic in 
question. We can hardly expect this singular 
condition to be fulfilled for several harmonics 
simultaneously, except perhaps for a set of them 
having for instance the same m and different 
values of /. There is, however, no sign, in Table I, 
of a preponderance of any one coefficient or of 
any limited set of coefficients. We might infer 
that a pronounced ‘“‘resonance”’ of the actual 
distribution with any particular spherical har- 
monic of second or higher degree, improbably 
already a priori, is not indicated by the empirical 
findings. Excluding the case of ‘‘resonance,”’ we 
might expect that the quadratic means produced 
by a distribution of-dipoles endowed with some 
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degree of regularity do not differ widely from the 
means produced by a random distribution. This 
argument will apply when the number JN of 
dipoles involved is moderate; its application 
becomes doubtful when the number of dipoles 
is very large. It is indeed clear from a purely 
mathematical viewpoint that one can always 
represent the observed field as produced by a 
magnetically polarized spherical shell, and when 
the polarization as function of 8, ¢ is properly 
chosen, the shell may be located at any depth, 
outside or inside the core. The distribution of 
polarization in the shell, however, will then have 
very little resemblance with a random distri- 
bution of dipoles. 

If the number of dipoles is large, a model 
involving extensive areas of magnetization seems 
appropriate. It may be shown that in this case, 
again, the magnetized regions are, if not below, 
at least not much above the boundary of the core. 

Assume for a moment that a number of ele- 
mentary dipoles are located at the surface of the 
earth. All the mean coefficients Q, will then be 
of the same magnitude and the harmonic series 
diverges. If there is, instead, a number of mag- 
netized areas at the surface, the series will 
converge slowly, the ratio of means of the suc- 
cessive coefficients being of the order Q:,1/Q, 
=1/(1+-1). Similarly, if the magnetized areas are 
located at the surface of a sphere of radius r, 
this ratio might be presumed to be of the order 
Qi41/Qi=(r, R)-1/ (/+1). If on the left-hand side of 
this relation the figures of Table III are inserted, 
we obtain larger values of r/R than before, the 
average r/R as computed from the ratios 3,2, 
4/3, and 5/4 being about 0.65. The values of 7/R 
obtained are however not nearly as consistent as 
those in Table IV. The true model of the sources 
of the irregular field is probably intermediate 
between the two models considered, the purely 
statistical model on the one side and a model 
with relatively large magnetized areas on the 
other. The evidence of Table IV points towards 
the correctness, or near correctness, of the 
statistical model treated in this paper. Speaking 
generally we might conclude that, except for 
highly artificial models, the sources of the ir- 
regular part of the internal field must be either 
very near the boundary of the core or below it. 














EARTH’S INTERNAL 
TABLE V. 
l 1 2 3 4 5 6 
parallel z 4.5 8.4 7.6 8.3 9.3 12.9 
radial 4.0 se 6.9 7.6 8.0 10.9 


APPENDIX 


One might consider the earth’s main dipole 
from two different viewpoints. One can assume 
that it is physically a single dipole and then treat 
the remaining irregular field as made up of a 
number of small additional dipoles. One can also 
suppose that the main dipole itself results from 
the superposition of a number of dipoles aligned 
mainly parallel to the earth’s axis. This hypoth- 
esis would seem acceptable if one could assume 
that the irregular part of the field is produced by 
the same dipoles. We may show that such a 
picture is at least not inconsistent with our 
statistical results. Let all dipoles be inside a 
sphere of radius 7. On the assumption that the 
perpendicular components are small we have for 
the resultant magnetic moment 


M=pmit-:-spw=N[u hs. (26) 


The dipole part of the field is the same as if all 
the dipoles were concentrated in the center. 
Indeed, from (6) and (10) we have on forming a 
linear mean 


NE) = (40/3)! MR 


and this is identical with the expression for the 
field of the main dipole used before. Introducing 
(26) into (23) we obtain 
NEw) [ub=(r R)! \(yF," 

+(1—92)'G") /Oe. (27) 


On the right-hand side we may substitute the 
numerical values obtained above. Put r/R=0.50. 
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For the other factor in the numerator we mav 
use the values contained in the last two lines of 
Table II, and for the denominator we might use 
the figures in the third line of Table III. We 
obtain then the values for the quantity (27) given 
in Table V. The ratio of the linear to the quad- 
ratic means depends upon the distribution in 
magnitude of the dipole moments. If the moments 
show very little scatter in magnitude around a 
mean, we have nearly [yh }:=[u]2 As another 
extreme we consider a Poisson probability dis- 
tribution 
p(u) =e" Ja. 


We find in this case 
[uh [ul=2 +=().71. 


The true ratio will almost certainly lie between 
these limits and, hence, N will be somewhat 
larger than the values of Table V, in the neigh- 
borhood of ten, say. Again, the numbers for /=1 
are smaller than the other figures, but since they 
are based on two observed components only 
they can hardly be given a statistical significance 
and are carried here merely for the sake of com- 
pleteness. 

The number of ten dipoles obtained in this 
way is smaller than the number of fourteen 
dipoles used by McNish‘ to represent the irreg- 
ular field. It is noteworthy that the latter figure 
has been obtained from the irregular field alone 
while the values in Table V result from a com- 
parison of the magnitude of the higher order 
harmonics with the main dipole. Whether the 
discrepancy is due to the crudeness of the 
assumptions involved in all of these models or 
whether it represents an argument against a 
representation of the main dipole field by a 
number of smaller components is difficult to 
decide in view of the very limited size of the 
statistical data. 
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Photoelectric Properties of Bismuth* 


H. JuPNIKt 
The University of Rochester, Rochester, New York 
(Received October 22, 1941) 


Photoelectric threshold determinations with Fowler plots were made for six bismuth surfaces 
evaporated on glass under high vacuum conditions. The values obtained for the work function 
were all between 4.22 and 4.25 ev. There was no significant temperature variation over the range 
— 70°C to 200°C for the wave-length 2537A, but the data indicated contamination at the lower 
temperatures. Values of the parameter a, the number of electrons that strike unit area of the 
surface per second and absorb a quantum of energy when the light intensity is unity, were 
obtained for the bismuth surfaces and found to be 0.03 to 0.1 as great as those of sodium surfaces 
investigated by Maurer. Like those of sodium, the values of a are ~10~ as great as the upper 
limit set by DuBridge if the number of free electrons per bismuth atom is assumed to be five. 





INTRODUCTION 


ECAUSE of the unusual structure of the 

electronic bands in metallic bismuth, an 
investigation of its photoelectric properties is of 
interest.1 Early work on partially outgassed 
bismuth surfaces was done by Parmley. 
Rentschler and Henry* determined the threshold 
wave-length to be 2870A, corresponding to a 
work function of 4.31 ev. More recently, Weber* 
investigated some of the photoelectric properties 
of thin bismuth films, making threshold deter- 
minations by the temperature variation method 
of DuBridge.’ A limiting value of about 2600A 
with increase of film thickness was obtained. 
Since the completion of the work described in 
this paper, Weber and Eisele® have reported addi- 
tional data on bismuth films and an apparent 
threshold wave-length of about 2785A. 


*Part of this work was presented as a section of a 
dissertation presented to the Faculty of the Graduate 
School of the University of Rochester in candidacy for the 
Degree of Doctor of Philosophy, June, 1940. 

Tt Now at Bryn Mawr College. 

1 Fowler plots for Be, Mg [M. M. Mann, Jr. and L. A. 
DuBridge, Phys. Rev. 51, 120 (1937)], Ba (R. J. Maurer, 
Photoelectric and Optical Properties of Sodium and Barium, 
(Thesis, 1939)), and W [A. H. Warner, Phys. Rev. 38, 1871 
(1931)], for which metals the electronic bands are known 
to overlap (H. M. O’Bryan and H. W. B. Skinner, Phys. 
Rev. 45, 370 (1934); F. Seitz, Modern Theory of Solids 
(McGraw-Hill, 1940)), show no irregularity due to an 
overlapping band structure. The overlap is known to be 
— in the case of Be and large, about 1.5 vol ts, in the case 
or Mg. 

? T. J. Parmley, Phys. Rev. 30, 656 (1927). 

3H. C. Rentschler and D. E. Henry, J. Opt. Soc. Am. 26, 
30 (1936). 

* A. H. Weber, Phys. Rev. 53, 895 (1938). 

5L. A. DuBridge, Phys. Rev. 39, 108 (1932). 

® A. H. Weber and L. J. Eisele, S. J., Phys. Rev. 59, 
473A (1941). ¢ 





EXPERIMENTAL 


Photo-currents were measured with FP-54 
tubes in DuBridge-Brown and Barth circuits. 
The light intensity was measured by a sodium 
cell calibrated against a thermopile-galvanometer 
system having a sensitivity of about 410-5 
watt per cm deflection. The sodium surface in 
the cell was a thick matte layer deposited on 
nickel and was checked for linearity of response 
and constancy of yield over the surface. The light 
sources were a low pressure mercury arc and a 
zinc-neon arc resolved with a Bausch and Lomb 
single quartz monochromator. The amount of 
scattered light was negligible and background 
was corrected for by running over the spectral 
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Fic. 1a. Bismuth photo-cell. 


884 











pl 
ti 








PHOTOELECTRIC 


line to find the maximum and minimum of the 
photo-currents measured in the neighborhood of 
a line, interpolating and subtracting. The mono- 
chromator was mounted on a heavy iron base 
which turned upon ball bearings to allow con- 
venient shifting from photo-cell to thermopile. 

Figures 1a and 1b show the first bismuth photo- 
cell constructed. The tube was baked out and 
all the metal parts with which the bismuth would 
come in contact were heated to a bright red to 
clean them before the bismuth was inserted. The 
cell was cracked at the small tube A and the 
bismuth dropped into the tantalum tray B. The 
glass was then baked twice at 500°C for an hour 
and the metal parts outgassed before and after 
the second bake-out. The tray B could be turned 
to a vertical position and the bismuth melted 
down into the tantalum trough H. The bismuth 
did not wet the tantalum. This trough could be 
heated by passing a current through the leads 
K and L, evaporating the bismuth on a flat 
polished glass plate, P, sealed to a tungsten rod 
which slid through the inner glass support R. The 
glass plate could then be moved back in front of 
the quartz window by a magnetic pull on the 
nickel slug V. J was a V-shaped tantalum sheet 
embracing the tungsten rod and providing elec- 
trical contact. The collector Q was made of two 
loops of tantalum wire. 

The bismuth was Hilger spectroscopic bismuth, 
99.998 percent pure. This purity was checked by 


Fic. 1b. Bismuth 
photo-cell, evapora- 
tion assembly. 
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Fic. 2. Fowler plot for bismuth surface 1. 
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Fic. 3. Fowler plot for bismuth surface 4. 


a chemical analysis by Dr. J. F. Flagg of the 
Chemistry Department. The pressure in the 
tube, measured by means of an ionization gauge, 
was about 2X10-*§ mm Hg after sealing off from 
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4 Fic. 4. Bismuth 
side photo-cell. 








the pumps. Sections of the photo-cell were 
thoroughly torched after baking and_ before 
sealing off to remove any invisible layers of 
bismuth from the glass walls. The trough /7 was 
outgassed at a bright red heat and the bismuth 
kept molten in B at about 500°C at the same 
time before sealing off. The bismuth was trans- 
ferred from the tray to the trough after the tube 
was off the pumps. It is estimated that the 
trough was heated to about 650°C in order to 
evaporate the bismuth on P. 

The ionization gauge was also used to indicate 
pressures when the surfaces were being formed. 
The first two surfaces were deposited at pressures 
of about 3X10-7? mm Hg and the last two more 
slowly at about 5X10-' mm Hg. The pressure 
returned quickly to 2X10-* mm after the de- 
position of each surface. The first bismuth 
surface evaporated was opaque and formed a 
mirror, but as successive layers were put down, 
the surface became more matte and grayer in 
appearance. Since the yield from all the bismuth 
surfaces varied from point to point by about 25 
percent when a narrow slit image was used, a 
circular spot, 6 or 7 mm in diameter, of parallel 
light was used, and care was taken to illuminate 
the same area of the bismuth surface. Figures 2 
and 3 show the Fowler plots obtained from data 
taken on surfaces 1 and 4 within a few hours 
after deposition. 

The second photo-tube was constructed in 
order to check results obtained with the first tube 
and also, in view of Weber’s results of films, to 
attempt to take temperature variation data. The 
evaporation assembly remained the same, but 
(Fig. 4) the bismuth was evaporated on a 
polished glass surface s inclined at 45°. The skirt 
on the re-entrant tube carrying s insulated it 


from the rest of the tube, and bismuth deposited 
on the inner walls of the tube formed the col- 
lector. Glycerin placed in the re-entrant tube and 
heated electrically and a dry-ice alcohol slush 
were used in the temperature variation runs. 
A Chromel-Alumel thermocouple was placed in 
the bath with the tip against the back of s. Cor- 
rections to the temperature readings were made 
by using the value of the heat conductivity of 
Pyrex quoted by Getting and Leighton’ and 
assuming a value of 0.3 for the emissivity of 
bismuth. An estimated error of 2°C was made in 
determining the temperature of the bismuth 
surface. These surfaces were also evaporated at 
pressures of about 5X10-§ mm Hg. Only 
two surfaces were investigated in the second 
tube, and only Fowler plot data were taken on 
the first surface. Figures 5 and 6 show the Fowler 
plot for these two surfaces designated as I and 
II. The line \=2537A was used to illuminate 
surface II as the temperature was varied from 
200°C to —70°C. 


RESULTS AND DISCUSSION 


The values of the work function from Fowler 
plots of four surfaces in the first photo-cell were 
4.25, 4.25, 4.23, and 4.23 ev.:A Fowler plot for 
surface 2 taken 24 hours after the first set of 
data showed a shift of the work function to 


Fic. 5. Fowler 
plot for bismuth 


T=2993°K surface I. 
430X150" CM" SEGQUANTUM 


LOG /T* +12 





hv/KT 


7]. A. Getting and H. W. Leighton, Rev. Sci. Inst. 11, 
232 (1940). 

’ The lack of agreement, in general, between the theo- 
retical Fowler curve and the experimental points corre- 
sponding to wave-lengths shorter than the 2480A line of the 
Hg arc is not significant here because of the difficulty in 
measuring the intensity of these Hg lines. 
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4.27 ev. A second set of data on surface 4 two 


weeks later yielded the result 4.24 ev. Surface 4 


was then heated to 150°C by radiation from the 
filament F in an unsuccessful attempt to take 
temperature variation data, and the work func- 
tion determined several days after this treatment 
was 4.31 ev. The values of the work function of 
the two surfaces deposited in the second photo- 
cell were 4.22 and 4.23 ev. 

The yields for the surfaces 1 to 4 decreased 
successively. The values of a for surfaces 1 and 
4 were, respectively, 6.4 and 1.4X10-** cm* sec. 
per quantum. For surface I, a=3.010-* cm* 
sec. per quantum. Values of a obtained by 
Maurer! for two sodium surfaces were 5.0 and 
3.3X10-*. DuBridge® obtained the upper limit 
to the value of @ given by 


a=h*/2xemu? = (2m / rh) (82r/3n;)**? =1.51n 4%, 


where u is the Fermi energy, m is the electron 
mass,'® and m; is the number of free electrons per 
unit volume. Observed values of @ for Be, Mg, 
Na, W, and Ba range from 10~* to 10-* times the 
DuBridge upper limit if all the valence electrons 
are assumed to be free.'' If the number of free 
electrons per atom of sodium is taken to be one, 
if the difference in atomic weight and density is 
taken into consideration, and if the ratio of the 
a for sodium to that for bismuth is 10, the 
number of free electrons per atom of bismuth cal- 
culated from the ratio obtained by using the last 
expression for a is approximately five. It is known 
that the measured values of optical constants of 
metals for a frequency large compared with that 
for which internal photoelectric absorption takes 
place give a value of the effective number of free 
electrons equal to the number of valence elec- 
trons. The behavior of the electron as though 
free at high frequencies is contained in the 
quantum theory of the optical properties of 


metals.” Data taken by Meier™ on a polished 

*L. A. DuBridge, New Theories of the Photoelectric Effect 
(Hermann and Cie., Paris, 1935). 

10 The m that occurs in the denominator of the first 
expression for a may be considered the mass of an ejected 
electron. To obtain the second form, the normal electron 
mass is substituted in the expression for the Fermi energy, 
not the effective mass. 

MM. M. Mann, Jr. and L. A. DuBridge, Phys. Rev. 51, 
120 (1937). 

2 R. de L. Kronig, Proc. Roy. Soc. Al24, 409 (1929). 

'W. Meier, Ann. d. Physik 31, 1017 (1910). 
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bismuth surface suggest an absorption peak in 
the infra-red, and if classical theory is used, 2.3 
free electrons per atom may be calculated from 
the absorption coefficient and index of refraction 
at 2500A. It may be expected that a polished 
surface absorbs more strongly than a crystalline 
surface" and that optical constants of crystalline 
bismuth would give a greater value for the 
effective number of free electrons. 

Since the spectral distribution curves show no 
variations that can be ascribed to the electronic 
band structure, it is interesting to compare 
Fowler theory with approximate results obtained 
by a simple consideration of one of the existent 
pictures of the electron bands in bismuth. It has 
been shown that the significant Brillouin zone 
(the fifth) contains almost five electrons 
atom, and data indicate that about 10~ electron 
per atom overlap into the next zone." Jones" has 


per 


been able to account for galvomagnetic effects in 
bismuth by regarding the energy surfaces of the 


4 Mott and Jones, Properties of Metals and Alloys 
(Oxford Press, 1936), p. 116. 

16H. Jones, Proc. Roy. Soc. 155, 654 (1936); Mott and 
Jones, Properties of Metals and Alloys (Oxford Press, 1936). 
Jones deduced the magnitude of the number of overlapping 
electrons per atom from both the change of sign of the 
temperature coefficient of resistance and the magnetic 
anisotropy of the bismuth-tin alloy system. The assumption 
is made that each bismuth atom that is replaced by a tin 
atom carries with it one of the electrons from the over- 
lapping region. The amount of overlap of the two bands is 
determined by this value of the number of overlapping 
electrons. Since the electron carried away may come from 
a region of the lower band not overlapping the upper band 
and may have a higher effective mass or even normal mass, 
the number of overlapping electrons and therefore the 
amount of overlap of the two bands may be greater than 
the value given by Jones. However, the order of magnitude 
of the results in the following sections would probably 
remain unchanged. 
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electrons lying outside the fifth zone and those 
of the positive holes in the fifth zone as very 
eccentric ellipsoids. The surfaces of constant 
energy for nm electrons per unit volume lying 
outside the fifth zone in k space are given by 


Ey, = (h?/2m) (aak? + ack, + azk,”) 


and for n positive holes per unit volume in the 
fifth zone in k space are given by 


E.= const. — (h , ‘2m) (Bik. + Boke. +83k.). 


Measurement of the magnetic susceptibility 
parallel and perpendicular to the principal axis 
of bismuth do not permit the evaluation of the 
8's but indicate that the ellipsoid describing F2 is 
more eccentric than that describing /;. These 
data, together with measurements of the tem- 
perature coefficient of resistance of the tin- 
bismuth alloy system, yield the result that 
a;=a,~40 and a;~1, where m/a;,23 may be 
taken as the effective mass of an electron and the 
subscripts 1, 2 refer to a direction perpendicular 
and the subscript 3 refers to a direction parallel 
to the principal axis of a bismuth crystal.'® The 
energy interval between the bottom of the second 
zone and the surface of the Fermi distribution is 


E=x (No, 3)! (ayagars)*(h?/ 8m) (3, ‘a Q)! ~0.23 eV, 


where Q is the atomic volume and mp is the 
number of overlapping electrons per atom. The 
electron velocities perpendicular and parallel to 
the principal axis are given by 


Vr = Vy = (mo/3)4a13(araas)*(3/aQ)'h/ 2m ~v,y, 
V1); = (Mo/3)'ax34(ararras)*(3/m Q)*h/ 2m 


~10-!v;~0.2v,, 


where v;=(3/2Qo)'h/2m=velocity of a free 
electron. 

The number of electronic states per unit 
volume of bismuth with energy between £,; and 


16 M. Blackman [Proc. Roy. Soc. 166, 1 (1938) ] investi- 
gated the low temperature magnetic susceptibility of 
bismuth and explained the fluctuating magnetic suscepti- 
bility by a model in which a; = 9.8, a2 =1, a3= 1.1 X 10%, and 
the amount of overlap is 0.019 ev. The number of free 
electrons per atom computed from this overlap is 1.2 X 10-5, 
but Blackman points out that the number of electrons 
responsible for the fluctuations probably is much smaller 
than the number determining the high temperature 
susceptibility. 
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for bismuth. 











4 


dE, is given by 
N(E\)dE, => (1 ‘4qr?) (827m / h?){EdE, (ayaa)! 
= (aya2a3) 3 N(E,)dE,, 


where N(E,)dE; is the distribution in energy 
obtained from the Sommerfeld model of a free 
electron gas and corresponds to the Fermi-Dirac 
distribution at 0°K. Let J(v) be the photo-current 
emitted for unit incident light intensity of fre- 
quency v. If the density of states is given by 
const. E'dE and the electron velocity is given 
by const. vs, then following the DuBridge deriva- 
tion of the Fowler equation corresponding to 
0°K, one obtains that J(v)=const. [A(v— vo) }, 
where vo is the threshold frequency. If the 
DuBridge argument about the upper limit to the 
yield is applied to a model having the density of 
states given by 


(aya203)-1N(E,)dEs = a;-'N(E, dE; 


and having ~10~ electron per atom of effective 
mass m/40 and with all velocity components 
equal to those of free electrons, then the order of 
magnitude of this upper limit to the yield remains 
the same as when five free electrons per atom are 
considered. A model having ~10~ electron per 
atom of normal mass and with velocity com- 
ponents ~0.2 those of free electrons would, if the 
density of states is again given by a,;~'N(E,)dE,, 
give an upper limit about ten times greater than 
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the former limit. Near the top of the almost filled 
band the distribution in energy is given by 


N(E2)dE2 = (1/42?) (822m /h?)! 
X (const. — E2)*d E2/(818283)!, 


where the const. in the root is the highest energy 
in the band. The previous arguments concerning 
the photo-currents applied to a density given by 
const. (Emax— £)'dE lead to 


I(v)=const. (h(v— v9))*. 


In view of this and of the rough estimate of 
what could happen to the value of the DuBridge 
upper limit to the yield, although temperature 
effects are not taken into consideration, it is not 
too surprising that the spectral distribution of 
the photo-electric yield fits the theoretical Fowler 
plot near the threshold. If the photo-current is 
plotted as a function of the difference between the 
incident and threshold frequency for surfaces 1 
and 4 and for a sodium surface investigated by 
Maurer, Fig. 7 is obtained. A detailed inves- 
tigation of the yield in a frequency range cor- 
responding to the overlap of the energy bands 
could not be undertaken at room temperature 
with the Hg arc. A tendency for the bismuth 
atoms to form small groups of definite orientation 
when the surface is being formed might explain 
the variation in yield from point to point on a 
surface, but there is no proof that this was the 
case. 

As the temperature of surface II was lowered 
from 200°C to room temperature, the photo- 
electric current remained constant to 2 percent 
when the surface was illuminated by the line 
\=2537A. When the dry-ice alcohol bath was 
placed in the re-entrant tube and the surface 
allowed to warm up to room temperature, the 
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yield again remained constant but at a value 
lower than that obtained during the higher tem- 
perature portion of the run. This lower constant 
value was observed as the surface was again 
warmed up slightly above room temperature, and 
a Fowler plot taken at room temperature indi- 
cated a shift of the threshold to shorter wave- 
lengths and therefore probable contamination by 
gases adsorbed when the surface was cold. The 
curve log//T? versus logI/T obtained if the 
yield is assumed constant in the temperature 
range —70°C to 200°C is a straight line. Com- 
parison with the theoretical curve then gives 
only the information that the threshold is less 
than or equal to about 4.44 ev. Weber's earlier 
determination‘ of the limiting value of the long 
wave-length threshold with increasing film 
thickness corresponds to a work function of 
about 4.75 ev. The observed data fit both the 
positive and negative branches of the theoretical 
curves in the temperature range —53.8°C to 
24.4°C, but not for higher temperatures. Films 
possibly contaminated by gas and films more 
carefully protected showed little difference. In 
the later work,® the temperature range 
extended to liquid-air temperatures,'’ and the 
long wave-length limit obtained corresponded to 
a work function of about 4.47 ev.'* The work 
function reported here agrees more nearly with 
that obtained of Rentschler and Henry.’ 

Grateful acknowledgement is made of the 
advice of Dr. L. A. DuBridge during the course 
of this work. 


was 


17 This temperature was reported in the presentation of 
the paper mentioned in footnote 6. 

18 Note added in proof.—A. H. Weber and L. J. Eisele, 
S. J. [Phys. Rev. 60, 570 (1941)] found it impossible to 
fix an upper limit to the threshold wave-length of bismuth 
films from the results of more recent work. The DuBridge 
method yielded the somewhat uncertain threshold 3125A. 
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The Electrical Conductivity of Zinc Oxide 


P. H. MILLER, JR. 
Randal Morgan Laboratory of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 


(Received October 17, 1941) 


The electrical conductivity of zinc oxide for an average sample obeys the following equations, 
a =10° exp(—2X10°/RkT) ohm cm“ for 7 <25°C and ¢ = 10? exp(—7 X 107 /RT) ohm cm™ 
for 400°C < 7 < 700°C. The conductivity in the lower temperature range is believed to be due to 
the ionization of interstitial zinc atom pairs, whose ionization energy is 2X 107? volt or less. 
Conductivity of this type reaches saturation about room temperature. In the higher tem- 
perature range the conductivity is caused by the ionization of single interstitial zinc atoms, 
whose ionization energy is 7X 107! volt. At 800°C the conductivity of this type begins to reach 
saturation. Hall effect measurements show the free electron density to be about 10" cm~ at 
room temperature. The fraction of pairs existing is 10~ which is a factor of ten larger than the 


a priori probability. 


INTRODUCTION 


HE electrical properties of zinc oxide have 
been investigated by many observers, par- 
ticularly by Baumbach and Wagner! above room 
temperature and by Fritsch? at and below room 
temperature; the latter also gives a_ rather 
complete bibliography. Zinc oxide is an excess 
electron semi-conductor; this is established from 
the sign of the Hall coefficient, the sign of the 
Seebeck e.m.f., and the dependence of the con- 
ductivity on the oxygen pressure. Most observers 
have found that the electrical conductivity, o, 
obeys the usual equation for semi-conductors, 
o=Ae~*/*?, in two temperature ranges. Up to 
room temperature A is approximately 10~* to 1 
ohm! cm-! and ¢, the activation energy, is 
between 0.01 and 0.1 volt; the variation depends 
on the past history of the sample and the ob- 
server. The second temperature range in which 
the law is obeyed is from 400°C to 700°C. Here A 
is some power of ten larger for the same sample 
with the values ranging from 107! to 10° ohm~! 
cm~!, while the value of e, varies from 0.5 to 1.5 
volt. In the intermediate temperature range of 
100°C to 400°C the conductivity follows no 
simple relationship and in fact it sometimes 
increases with decreasing temperature. It is with 
the investigation of these effects that the present 
paper is concerned. 
1H. H. v. Baumbach and C. Wagner, Zeits. f. physik. 


Chemie B22, 199 (1933). 
2 QO. Fritsch, Ann. d. Physik 22, 375 (1935). 


APPARATUS AND MEASUREMENTS 


Since the conductivity is a function of oxygen 
pressure, temperature, past history and, in some 
types of measuring circuit, of the contact re- 
sistance of the electrodes, considerable care must 
be used in separating the dependence of the con- 
ductivity on these effects. The conductivity was 
measured in the lower temperature range by the 
potentiometer-probe method whose circuit dia- 
gram is shown in Fig. 1, which also shows the 
Hall effect connection. This method limits the 
effect of contact resistances to a mere reduction 
of the sensitivity of the galvanometer. The over- 
all resistance of these samples was determined 
by measuring the voltage applied to the end 
electrodes, and from this it is possible to deter- 
mine the contact resistance. These samples were 
rectangular in shape being approximately 0.15 
X 0.75 X4.5 cm’. Zinc electrodes were evaporated 
on the ends and at the Hall and conductivity 
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Fic. 1. Circuit diagram for Hall e.m.f. and conductivity 
measurements at room temperature. 
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contact points. Zinc electrodes were found to 
give a smaller contact resistance than gold or 
Aquadag. The apparatus for the measurement of 

the Hall effect was conventional in design and 
| will be described in ‘detail in a paper by S. J. 
Angello which will shortly be published. A field 
of 8800 oersteds was used, being reversed to 
eliminate thermal e.m.f.’s at the contacts and 
lack of alignment of the electrodes. Sintering at 
1200°C for twelve hours in air increased the 
density from about 65 percent to about 95 per- 
cent of the value for single crystals. The samples 
were allowed to cool in air after removal from 
the furnace. 

From the conductivity and the measured Hall 
coefficient, R, defined as E= R(IXH)/t where E 
is the Hall em.f., I the longitudinal current, H 
the magnetic field and ¢ the thickness of the 
sample, one can calculate the mean free path, 
the density and the mobility of the free electrons 
on the basis of the free electron theory which 
makes the following predictions.* 


Re=mobility and if e>kT 


4,v2 e*l, 
o = Nn,>— Pr (2emkT)' exp[ —AE/2kT } 
3 i 
=0.024lom,'T! exp(—e/kT), 
e tl, 28 
Ro= — 


ee I 
(2amkT)i 2c T! 


where m,» is the number of bound electrons, n; the 
number of free electrons, /) the mean free path, 
—AE the energy of the bound electrons at ab- 
solute zero relative to the free electron levels, 
and c¢ the velocity of light. The other symbols 
have their usual meaning. Gaussian units are 
used throughout. 


TABLE I. Aging of zinc oxide at 135°C. 


CONDUCTIVITY TIME 


3.79 x 10-3 ohm™ cm™ 0 minutes 


3.73 20 
3.69 45 
3.65 70 





3F. Seitz, The Modern Theory of Solids (McGraw-Hill 
Book Company, New York, 1940). 
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Fic. 2. Contact resistance and conductivity as a function of 
temperature. (A) Fresh sample; (B) aged sample. 


The room temperature conductivity of these 
fresh samples remained constant over a period as 
long as a month, but on their initial heating, as 
Figs. 2A and 3A show, it was generally found that 
the conductivity decreased with increasing tem- 
perature up to 140°C which was the temperature 
limit of the apparatus. The time required for a 
run is about an hour. Maintaining the tem- 
perature at 135°C caused the conductivity to 
decrease slowly with time as Table I shows. A 
relatively rapid permanent change on the first 
heating must take place. On further temperature 
changes the conductivity of the aged samples 
decreased reversibly with decreasing tempera- 
ture. Figures 2B and 3B illustrate this type of 
behavior. Below 0°C the conductivity exhibited 
the normal temperature dependence. 

The Hall effect measurements are shown in 
Figs. 3A and 3B. The same sample is used as in 
Figs. 2A and 2B but it was sintered again and a 
new set of contacts was employed. Figure 3A 
shows that the number of free electrons, as well 
as the conductivity, decreases with increasing 
temperature for the fresh sample. Figure 3B 
indicates that the number of free 
remains about constant on subsequent temper- 


electrons 
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Fic. 3. Hall effect and conductivity results as a function of 
temperature. (A) Fresh sample; (B) aged sample. 


ature changes. In both cases the mean free path 
increases with temperature. This is a surprising 
result. This increase in mean free path may be 
analogous to the decrease in dielectric strength 
with increasing temperature that von Hippel! 
and his co-workers report, and the decrease in 
the number of free electrons may be due to the 
change in the number of interstitial zinc atoms 
interacting to form pairs. This will be discussed 
in more detail later. 


4A. von Hippel and R. J. Maurer, Phys. Rev. 59, 820 
Sroait’ A. von Hippel and G. M. Lee, Phys. Rev. 59, 824 


For the conductivity measurements at higher 
temperatures samples were prepared by evapor- 
ating zinc on the plane faces of zinc oxide 
cylinders, 1.1 cm diam. and from 0.2 to 1.0 cm 
thick. The pill was first sintered in air at 1000°C 
for 12 hours. Gold was evaporated on top of the 
zinc to hinder its oxidation during subsequent 
measurements. Gold foil was placed over the 
evaporated gold and the pill was inserted between 
two platinum electrodes. The current through 
and the voltage across the pill were simultane- 
ously measured. Both the contact resistance and 
volume resistance decrease rapidly with increas- 
ing temperature, but the contact resistance 
decrease is so rapid that between 250°C and 
400°C it is less than 10 percent of the volume 
resistance for this shape of pill. Above 400°C the 
volume resistance also decreases rapidly with 
temperature but it was found that the conduc- 
tivity was independent of the thickness of the 
sample within 10 percent, indicating that the 
contact resistance could be neglected. 

Excess semi-conductors form a_ rectifying 
boundary with a metal electrode, the direction of 
high resistance being with the metal negative. 
A series of pills were prepared with zinc-zinc 
electrodes; their resistance was measured. One 
electrode was removed and replaced with an 
evaporated gold electrode. At 25°C the contact 
resistance varies from 10 to 150 ohm cm~? with 
the gold as the positive electrode. When gold is 
the negative electrode it varies between 10 and 
1000 ohm cm-*. Ohm’s law was obeyed for 
voltages over 3 volts, and with all samples the 
power dissipation had to be kept below 1 watt 
cm~* to prevent thermal breakdown. 

If at 500°C plain gold electrodes were em- 
ployed and the current was allowed to flow for 
ten minutes in one direction the conductivity 
improves by 5 to 10 percent, and upon reversal 
of the direction of the current it will fall, some- 
times quickly and sometimes slowly, to or even 
below the original value and then it will increase 
after about thirty minutes to the former high 
value. This cycle can be continued, but if more 
than 5X10* coulombs are allowed to flow the 
repetition becomes less exact. Since zinc oxide 
has a slight ionic conductivity as Wagner has 
pointed out and which our diffusion measure- 
ments confirm, a possible explanation is that at 
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500°C the conductivity improves because the 
zinc “‘plates’’ out on the negative gold electrode 
reducing its rectifying action, but with the 
reversal of the direction of the current the con- 
ductivity falls until the other electrode has been 
similarly affected. With the additional effect of 
the zine returning to the lattice from the positive 
electrode it is possible to explain the shapes of 
all the curves that were experimentally obtained. 
Above 400°C with zinc-zinc electrodes the change 
in conductivity with time of flow or direction of 
current was not more than several percent. 
The zinc oxide is never in true temperature 
equilibrium. One pill was kept at a constant 
temperature, 530°C, and oxygen pressure for six 
days and after the first day the conductivity 
decreased continuously at a rate of 3 percent per 
day. The conductivity is oxygen pressure de- 
pendent; Baumbach and Wagner! working with 
poorly sintered samples found o=f(7)P-'" 
where n=4.3, for the temperature range 500°C 
to 700°C. If all the electrons of the interstitial 
zinc atoms are evaporated into the conduction 
band, consideration of the free energy* predicts 
an equilibrium dependence of o=Cp-te-*'/*? 
where ¢’ is the energy required to remove an 
oxygen atom and form an interstitial zinc ion 
and a free electron. On the other hand, if only a 
small fraction of the interstitial zinc atoms lose 
their electrons and this contribution to the free 
energy is neglected, we have exactly the same 
pressure dependence but with different values of 
C and e’, because the conductivity in this case 
is proportional to the square root of the number 
of bound electrons. Figure 4 shows the con- 
ductivity as a function of temperature for a 
typical case; the time required for the run is 
about two hours. The left-hand portion of the 
curves is very similar to those obtained by 
Baumbach and Wagner!’ and by Jander and 
Stamm.* The slope of this section is 0.71 volt 
and that of the right-hand part is 0.026 volt 
which is in agreement with that obtained by the 
potentiometer probe method. The question 
before us is whether all the electrons are free in 
the high temperature range and the change in 
conductivity with temperature is due to a change 


5 W. Jander and W. Stamm, Zeits. f. anorg. Chemie 199, 
165 (1931). 
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of the number of interstitial zinc atoms, or 
whether the number of interstitial zinc atoms 
remains about the same and the number of free 
electrons increases. The rate of loss of weight for 
heating in air is given by Gmelins® for the tem- 
perature range of 1200° to 1400°C. This loss is 
due either to the evaporation of oxygen atoms or 
zinc oxide molecules. To place an upper limit on 
the number of interstitial zinc atoms formed per 
hour we shall assume the former to be the process 
and extrapolate Gmelins” data to 800°C where 
we find the maximum number of interstitial zinc 
atoms formed to be 2X10" atoms cm~* hour". 
The number of interstitial atoms calculated from 
A =0.24lon,'T* is 10'* atoms cm~*. Therefore we 
see that the number of interstitial zinc atoms 
could not change appreciably during the two 
hours it takes to complete a run. This is further 
confirmed when we observe that for a change in 
oxygen pressure from 10? cm to 10-* cm Hg, the 
conductivity changes by about 15 percent in the 
first hour. The change in conductivity with tem- 
perature in the high temperature range would 


6 Gmelins, Handbuch d. anorg. Chemie, Bd. Zink (Verlag 
Chemie G.m.b.H., Leipzig—Berlin, 1924). 
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seem to be due not to the change in the number 
of interstitial zinc atoms but primarily to the 
evaporation of additional clectrons from the 
interstitial zinc atoms. 

The rate of diffusion of zinc was determined 
by evaporating some radioactive zinc (Zn®) on 
one end of a flat zinc oxide cylinder and deter- 
mining its redistribution after heat treating. This 
is essentially the method used by Banks.’ The 
sections were removed with a piece of emery 
paper placed against a flat plate in the tail stock 
of a lathe. Because of the small rate of diffusion, 
namely, 4X10-" cm?* sec.' at 1000°C_ the 
accuracy of this method is poor; the error may 
be as large as a factor of 2. The ionic conductivity 
of the zine atoms is calculated from the diffusion 
coefficient® by use of the relation ¢o= Ne?D/kT. 
Here N is the density of zinc atoms (10” cm~*) 
and D is the diffusion coefficient. Thus at 1000°C 
the ionic conductivity should be 510-7 ohm=! 
cm~', and can be neglected in comparison with 
the electronic conductivity. In these rough ex- 
periments D seems to be independent of oxygen 
pressure. 


CONCLUSIONS 


The following model is proposed to explain 
the behavior of zinc oxide. There are very few 
interstitial zinc atoms until the sample is heated 
for an appreciable time at, say, 1000°C. The 
density of interstitial zinc atoms is then about 
10'S cm-*, most of which remain in their inter- 
stitial positions if the sample is cooled quickly 
(no oxygen returns). The exact number depends 
on the temperature, oxygen pressure, time of 
sintering, and rate of cooling. With this density 
the interstitial atoms are about 10~* cm apart, 
too far for appreciable interaction of these atoms. 
However, it is possible that the interstitial zinc 
atom and its electron are behaving as if they 
were in a continuous medium of dielectric con- 
stant k; the potential between them will be 
lowered by the factor k and the ionization energy 
by k? if the zinc atom is considered hydrogen like. 
Thus the ionization energy for zinc may be 
reduced from 9.4 volts to about one volt, and 
thus make e=AE/2=0.5 volt, which is in 
experimental agreement with the observed 0.7 


7F. R. Banks, Phys. Rev. 59, 376 (1941). 


volt considering the crude model we have pic- 
tured. Now some interstitial atoms, say about 
10-* of them (this is the average ratio of the low 
temperature conductivity to high temperature 
saturation value) might be so close that they will 
interact to form a stable pair. The ionization 
energy of the pair will be much lower than 0.7 
volt, because of “promotion” and will be com- 
parable with the value of 0.02 volt observed for 
the low temperature range. The presence of such 
pairs will explain the behavior of the con- 
ductivity at room temperature and below. If the 
density of interstitial atoms is 10'* the fraction 
that would be neighbors for a purely random 
distribution is m,/N or 10~‘; a slight attraction 
between atoms will explain the observed value 
of 10-*. The slight drop in electron density 
sometimes observed in a fresh sample when the 
temperature is initially increased is possibly due 
to the breaking up of these pairs and the recap- 
ture of the electron by interstitial zinc ions. After 
the sample has aged we find the number of free 
electrons remains about constant from 25°C to 
135°C and the mean free path unexpectedly 
increases. From 400°C to 700°C the conductivity 
increases because of the evaporation of the 
electrons from the ordinary interstitial position 
into the conduction band with an activation 
energy of about 0.7 volt. The shape of the curve 
above 700°C is explained by saturation. The 
number of free electrons determined from the 
Hall effect is about 10'° cm~* at room tempera- 
ture. We note from Fig. 3B that the conductivity 
is approaching saturation at high temperatures 
when the number of free electrons in this case is 
about 2X10 times the room temperature value. 
The number is probably larger for we have ig- 
nored the possibility of a change in the mean 
free path. This gives a value of 210" for the 
number of interstitial zinc atoms, which is in 
agreement with the value of 10!’ cm~* calculated 
from the relation A =0.024lon,'T*. Thus above 
800°C, even though « is large compared with kT 
we have begun to reach saturation because the 
large entropy of the free electrons encourages 
ionization. This does not conflict with the 
previous argument concerning the oxygen pres- 
sure dependence of the conductivity in the tem- 
perature range 500°C to 700°C where the 
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number of free electrons is still small compared 
with the number of interstitial zinc atoms and 
the free electron contribution to the entropy is 
negligible in comparison with that of the inter- 
stitial zinc atoms. 

In conclusion I wish to thank M. D. Earle, 
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S. J. Angello, and members of Works Progress 
Administration Project 25792 for assistance in 
observation. I am also deeply indebted to Dr. 
F. Seitz for his many helpful discussions of the 
theoretical side of the problem in which he sug- 
gested many of the arguments presented here. 





DECEMBER 15, 1941 


PHYSICAL 


REVIEW VOLUME 60 


Variation of the Magnetic Properties of Antimony with Electron Concentration 


S. H. BRownE* AND C. T. LANE 
Sloane Physics Laboratory, Yale University, New Haven, Connecticut 


(Received September 8, 1941) 


The principal magnetic susceptibilities of single crystals of pure Sb and solid solution alloys 
of Sb with Sn, Ge, Pb, and Te have been determined. It is found that as the percent of alloying 
metal increases the susceptibility perpendicular to the trigonal axis (x,) changes but little and 
remains diamagnetic. On the other hand the susceptibility parallel to this axis («);) decreases 
sharply in magnitude and, in the case of Sn and Ge, changes from diagmagnetic to paramagnetic 
beyond 1.17 atomic percent Sn and 1.25 atomic percent Ge. This result permits us to calculate 
the number of electrons which overlap into the second Brillouin zone in antimony as 107 
electron per atom. The bearing of these results on the current theory of metals is discussed. 


N recent years substantial advances in the 

theory of the solid state have been made, and 
at the present time we have at least a qualitative 
understanding of many of the properties of 
metals. The position on the quantitative side is 
less satisfactory and comparatively few experi- 
ments have been performed which can be con- 
sidered to be in good agreement with theory.' 
Among the kind of experiments which could be 
considered suitable for a quantitative check on 
the theory are those dealing with magnetic sus- 
ceptibility, since it is known that this quantity 
should depend primarily on temperature and 
electron concentration. This sort of experiment 
is particularly favorable since, in many elements, 
the electron concentration and temperature may 
be varied independently. In the present work 
only the effect of varying the electron concen- 
tration is studied. 

A convenient method of varying this quantity 
in a given metal is to alloy it with known 


* Now with the Corning Glass Works, Corning, New 
York. 

1 A good modern exposition of the whole subject is to be 
found in F. Seitz, Modern Theory of Solids, (McGraw-Hill, 
1940). 


amounts of another metal whose valence is dif- 
ferent from that of the parent substance. How- 
ever, with few exceptions, the electrons in a 
metal cannot be considered as “‘free.’’ Rather, 
they are coupled to the lattice ions, that is, they 
move in a potential field due to these ions, which 
varies in a periodic manner throughout the 
crystal. Hence in order to vary the electron con- 
centration it is also necessary to ensure that the 
alloying element does not appreciably disturb 
the lattice structure of the pure metal to which 
it is added. This latter condition, of course, can 
never be perfectly complied with. Nevertheless, 
it may be closely approximated by choosing the 
alloying elements such that they form a simple 
solid solution with the parent metal. In this case 
the foreign atoms go into the parent lattice by 
simple substitution, and, provided they comprise 
only a few percent of the total atoms present 
they do not materially change either the original 
lattice type or its parameters. 

Antimony was chosen for the present inves- 
tigation, since it is possible with this element to 
realize all the conditions imposed above. Ele- 
ments possessing one less electron per atom than 





896 S. H. BROWNE 


TABLE |. Susceptibility data on pure antimony. 


x, (10°) x1,(108) Xu Xa 
McLennan and Cohen! — 0.63 —1.13 1.79 
deHaas and van Alphen? — 0.66 - 
Shoenberg and Uddin® —0.55 — 1.42 2.58 
Stock A —0.51 — 1.37 2.69 
Stock B —0.51 —1.41 2.77 
Stock C —0.50 — 1.42 2.84 

1J. C. McLennan and E. Cohen, Trans. Roy. Soc. Can. 23, 159 


(1929), 
2H. dellaas and P. van Alphen, Leiden Comm. No. 255b (1933). 
’D. Shoenberg and M. Uddin, Proc. Camb. Phil. Soc. 32, 499 (1936). 


antimony (Sn, Pb, Ge) all form solid solutions 
with it within a range of a few percent,? as does 
tellurium, which has one more electron per atom 
than antimony. In addition the theory, supported 
by resistivity measurements, indicates that the 
electric and magnetic properties of antimony are 
chiefly due to a few electrons which overlap into 
the second Brillouin zone. Hence in order to vary 
the pertinent electron concentration widely only 
small percentages of the alloying elements are 
likely to be necessary, and this is important, as 
has been stressed above. 


EXPERIMENTAL PROCEDURE 


Three different stocks of antimony metal were 
used. Stocks A and B were two different lots 
from Eimer and Amend and listed as C.P. Stock 
C was from Mallinckrodt and the analysis given 
by them was Sb 99.96 percent. The alloying 
elements were all of the highest purity available, 
although since they were used in small amounts 
only, this was less important. 

The specimens in every case were single 
crystals in the form of long rods of uniform cross 
section about 0.3 cm diameter and 15 cm long. 
The required composition of the alloy was ob- 
tained by weighing the constituents. These were 
melted in a quartz crucible under a hydrogen 
atmosphere and then cast in a graphite mold into 
polycrystalline rods of the required size. The 
casting was then placed in a second graphite 
mold made in two semicircular halves with a 
3-mm hole down the center for the casting and 
converted into a single crystal by means of the 


2 We have been unable to find in the literature a phase 
diagram for the system Sb-Ge. However, our results indi- 
cate very strongly that"Ge must form a solid solution with 
Sb to at least 1.83 atomic percent Ge. 
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horizontal traveling furnace method.* During 
this process an atmosphere of hydrogen was 
maintained around the crystal. By means of an 
etch in dilute aqua regia it could be determined 
whether the rod was a single crystal over its 
entire length. It was found that in order to 
obtain good single crystals of uniform composi- 
tion, the speed of growing the crystals had to be 
increased as the amount of the alloying element 
was increased. This was probably due to the 
fact that ‘“‘impurities’’ tend to separate out of 
solution during crystallization if it is carried out 


ae 


slowly enough. 

The most desirable orientation for magnetic 
measurements is that in which the cleavage plane, 
(111), is parallel to the axis of the rod, (i.e., the 
principal axis perpendicular to the axis of the 
rod). For some crystals this condition was 
brought about by ‘‘seeding.’’ Some trouble was 
encountered when the attempt was made to use 
a seed of pure antimony for alloys of 0.25 percent 
tin or more. A good crystal was obtained but 
subsequent magnetic measurements indicated 
that the composition of the alloy crystal varied 
from one end to the other; the end of the crystal 
nearest the seed had very little tin left in it, 
while at the far end the composition was essen- 
tially unchanged. It was then possible to obtain 
an alloy crystal of uniform composition if the 
seed for the new crystal was taken from the far 
end of the one previously grown. As long as the 
difference between the compositions of the seed 
and new crystal did not exceed about 0.25 per- 
cent, this procedure was applicable, otherwise it 
was necessary to repeat the process several times. 
Because of the labor involved, the process of 
seeding was discarded and in many of the sub- 
sequent crystals the orientation of the (111) 
plane to the axis of the rod was determined 
optically by cleaving the crystal at one end and 


TABLE II. Resistivity ratio versus temperature for a single 





TEMPERATURE °K Pl Pog? 
297 1.000 
90 0.233 
77.3 0.185 
63 0.141 
4.2 0.0092 


3M. F. Hasler, Rev. Sci. Inst. 4, 656 (1933). 
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making use of optical reflections from this cleave 
plane in a Fuess goniometer. The error thus 
introduced in the magnetic measurements was 
not over 0.2 percent. Susceptibilities were deter- 
mined by the Gouy method in which the force 
‘on a long specimen of uniform cross section is 
given by F=3(x—«o)A(H?®—H,?). Here x and xo 
are the volume susceptibilities of the specimen 
and surrounding medium (air), H and Ho the 
field strengths at the two ends of the specimen, 
and A is its cross section. Since xo is known and 
IT, is negligible for long specimens, the quan- 
tities to be measured are F, H, and A. 

The relation between the measured and prin- 
cipal susceptibilities (for any orientation) is 


k= {x, sin?g+x, cos*g} cos?@+x, sin’6, 


where ¢ is the azimuth of the trigonal axis with 
respect to the rod, and @ is the latitude with 
respect to the magnetic field. Since ¢ is known 
it is sufficient to determine the maximum and 
minimum force on the specimen in the field as 
it is rotated about its axis in order to find x,, 
and ky. 

Fields of the order of 13,000 Gauss supplied by 


TABLE III. Susceptibility data on alloys of single crystals 
of antimony. 


ATOMIC PERCENT 




















AppED MEeETAI ky ( 10%) «4 (10°) Ky Ky 
Sb-Sn 
0.252 —7.44 —3.31 + 2.246 
489 — 5.05 —3.31 +1.526 
.784 —2.47 —3.10 +0.798 
1.055 —0.52 — 2.96 +0.176 
1.543 +1.30 —2.72 — 0.477 
2.051 +2.46 —2.42 —1.018 
3.078 +3.46 —2.05 — 1.686 
4.100 +3.85 — 1.85 — 2.080 
5.321 +3.51 —1.54 — 2.274 
5.782 +3.16 — 1.49 —2.119 
7.081 +2.86 —1.41 — 2.028 
Sb-Ge 
0.572 — 5.29 —3.29 + 1.610 
1.090 —1.21 — 2.87 +0.421 
1.827 +3.51 — 2.30 — 1.530 
Sb-Pb 
0.596 —7.55 — 3.36 2.249 
1.484 —5.22 — 3.32 1.573 
2.364 —3.75 —3.16 1.188 
4.207 — 2.60 —3.16 0.823 
Sb-Te 
0.952 —8.97 — 3.64 2.465 
1.524 — 8.59 — 3.62 2.370 
1.845 — 8.56 — 3.74 2.290 


3 
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Fic. 1. Magnetic anisotropy of antimony alloys as a 
function of composition. 


a Weiss magnet were used and forces determined 
with a Sartorius microbalance. A rigid glass 
suspension was used to connect the crystal to 
the balance arm to prevent twist of the specimen 
in the field and this was provided with a small 
turn-table so that the crystal could be rotated 
about its axis. No dependence of susceptibility 
on field could be detected and hence no measur- 
able amount of ferromagnetic impurity was 
present in the crystals. In all instances the 
crystals were measured first with one end in the 
strongest part of the field and subsequently 
with the other end so placed. If the two deter- 
minations failed to agree within the experimental 
error the crystal was rejected. Since, in the Gouy 
method, about 90 percent of the force on the 
crystal is due to that part of the field gradient 
close to the strongest part of the field, an excellent 
check on the uniformity of composition of the 
crystal could be obtained in this way. The error 
in the susceptibility measurements is probably 
less than 1 percent. 


RESULTS 


Table I gives the results for the Stocks A, B, 
and C of pure antimony, together with all other 
previous determinations known to us. Our results 
have been reduced to mass susceptibilities in this 
particular case for the sake of comparison. The 
most recent determination, apart from ours, was 
carried out by Shoenberg and Uddin, who used 
spectroscopically pure antimony. Since, as we 
shall show, the presence of impurities always 
tends to decrease the anisotropy ratio x,,/x, we 
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F1G. 2. Principal susceptibilities of Sb-Sn and Sb-Ge alloys. 
regard Stock C as our best material and most of 
the alloy crystals were made from it. 

As a further check on the purity of our Stock C 
antimony we have measured the resistivity of 
one of our single crystals, at various tempera- 
tures, down to the temperature of liquid helium. 
The result of this measurement is shown in 
Table II where pr/p29; is the ratio of the resis- 
tivity at the given temperature to that at room 
temperature, 297°K in this case. The ‘residual 
resistance’’ of this crystal is seen to be not more 
than one percent of its resistance at room tem- 
perature and this low value indicates a very 
pure and strain-free crystal. 

In Table III the composition and magnetic 
susceptibilities of the various alloy crystals at 
room temperature are given, and these results 
are plotted in Figs. 1, 2, and 3. 


DISCUSSION 


It will be noticed that, in all cases, the anisot- 
ropy (k,,/«,) decreases as the amount of alloying 
material increases and in the case of Sn and Ge 
eventually becomes negative. This is a rather 
curious result since, in the negative region, it 
means that the crystal is paramagnetic in one 
direction and diamagnetic at right angles thereto. 
A somewhat similar effect has been found for Bi, 
but only at low temperatures.‘ It will further be 
noted that the inversion point of the anisotropy 


4 A. Goetz and A. Focke, Phys. Rev. 45, 170 (1934). 
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(where the susceptibility is zero in one direction) 
is practically the same for both Sn and Ge alloys.® 
The Pb-Sb and Te-Sb alloys would never reach 
a negative anisotropy since the last points 
plotted in each case are very close to the limit 


of solubility for the required solid solution. In 


Figs. 2 and 3 where the separate principal suscep- 
tibilities are plotted it is seen that, for all alloys, 
the variation of «x, with composition is small. 
The paramagnetism mentioned previously arises 
solely in Ky). 

These results can be brought into good agree- 
ment with theory if one supposes, as do Mott 
and Jones, that «x, is due to electrons which 
overlap into the second Brillouin zone, while «x, 
is due mainly to positive holes in the first zone. 
Thus the addition of Sn or Ge, each of which 
possesses one electron per atom less than anti- 
mony, will result in reducing the number of 
overlapping electrons. Accordingly it is reason- 
able to suppose that, at the inversion point, the 
overlap has been completely removed and con- 
sequently the curves in Fig. 2 permit us to 
calculate the amount of this overlap. Since, 
however, the lattice ions also contribute a 
constant diamagnetism, this must be taken 
account of. The value of the diamagnetism of 
Sb** is not known experimentally with any pre- 
cision; it has, however, been calculated by Van 
Vleck® as — 1.32 10~-* per unit volume. Accord- 
ingly one must decrease the absolute magnitude 
of all the susceptibilities given in Figs. 2 and 3 
by this amount, in other words shift the origin 
of coordinates downward and this will result in 
moving the inversion point to somewhat lower 
percentages of Sn and Ge, respectively. When 


| 2 4 
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51.17 atomic percent Sn and 1.25 atomic percent Ge. 
6 J. H. Van Vleck, Electric and Magnetic Susce ptibilities 
(Clarendon Press, Oxford, 1932). 
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this is done the overlap comes out to be very 
close to 10~° electron per atom and this is a 
reasonable figure. Also the fact that the corrected 
value of x, is small and substantially independent 
of composition tends to support the correctness 
of the above views. 

It must, however, be pointed out that the 
behavior of Sb-Pb and Sb-Te alloys are at 
variance with the theory. The x«,, for Pb shows 
no inversion although its valence is the same as 
that of Sn or Ge. However the value of x,, does 
indeed decrease, as it should, and when it is 
remembered that the Pb atom (atomic weight 
207) is much heavier than the Sb atom (atomic 
weight 121.8) it is perhaps reasonable to suppose 
that the structure of the antimony lattice will 
undergo more modification here than in the case 
of the lighter elements. 


899 


In the case of Sb-Te, «,, should increase since 
in this case we are adding to the overlap because 
Te possesses one more electron per atom than Sb. 
This is seen not to be the case, although x,, for 
Sb-Te does decrease much less than for any of 
the other alloys. Also here the atomic weights 
in the two cases are very similar so that the 
argument advanced in the case of Sb-Pb is not 
tenable. 

Despite these imperfections, the 
results on the whole do offer a rather gratifying 
check on the correctness of the current theory. 
One of us (S.H.B.) presented part of this work 
to the Faculty of the Graduate School of Yale 
University for the degree of Doctor of Philosophy. 
Part of the equipment used in this work was 
purchased by a grant from the George Sheffield 
Fund. 


however, 
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Temperature Variation of the Magnetic Susceptibilities of Antimony-Tin Alloys 
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The principal magnetic susceptibilities of single crystals 
of pure antimony and of antimony-tin alloys up to 4.1 
atomic percent tin have been determined in the temperature 
range 77°K to room temperature. The measurements were 
made with a modified Sucksmith-Jackson ring balance. It 
is found that the diamagnetic suspectibility perpendicular 
to the trigonal axis («x,) is practically independent of tem- 
perature for all the alloys. The susceptibility parallel to 
this axis (x);) decreases in magnitude with increase in 
temperature, both for alloys in which «); is diamagnetic 
and those in which it is paramagnetic, with one exception, 
the alloy of 1.06 atomic percent tin. A suitable correction 
for the temperature-independent diamagnetic suscepti- 
bility of the lattice ions brings this exception into agree- 
ment with the others. The experimental values of «); are 

T has been pointed out in a previous paper! 
that the magnetic susceptibility of a solid 
should depend chiefly on the concentration of 
the electrons in the solid and on the tem- 


perature. In that paper (referred to hereafter as 

* Now at the Corning Glass Works, Corning, New York. 
1S. H. Browne and C. T. Lane, Phys. Rev. 60, 895 
(1941). 


compared with Stoner’s expressions for the susceptibilities 
of free electrons, on the assumption that x); is due to the 


electrons overlapping into the second Brillouin zone. 
Good agreement is obtained by adjusting the parameter 
fo, the upper limit of the Fermi distribution, and the 
degeneracy temperature of these electrons is found to be 
approximately 475°K, about 0.25 of what it would be for 
perfectly free electrons. This indicates that the effect of 
the lattice field is to suppress the value of {> by increasing 
the density of electronic energy levels. Values of the 
effective masses of the electrons, which occur as parameters 
in the energy equation, are computed, and the energy 
interval between the bottom of the second Brillouin zone 
and the top of the Fermi distribution is estimated as about 


0.04 ev. 


I) the effect of changing the electron concentra- 
tion in single crystals of antimony by alloying 
with small amounts of other metals was dis- 
cussed. In the present discussion, the effect of 
temperature variation is to be considered. In 
particular, the principal magnetic susceptibilities 
of single crystals of antimony-tin alloys of from 
zero to approximately 4.1 atomic percent tin 
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were determined at temperatures ranging from 
77°K to room temperature. 

The antimony crystal lattice has two atoms 
per unit cell, and five valence electrons per atom, 
so there are just enough valence electrons per 
unit cell to fill five Brillouin zones. But since only 
the highest filled or nearly filled zone and the 
next higher zone are of interest, it is convenient 
to refer to these as the first and second Brillouin 
zones, respectively. The results of susceptibility 
measurements at room temperature, described 
in I, suggest that in antimony the number of 
electrons per atom which overlap into the second 
zone is of the order of 10-, or about 3.3(10)?’ 
electrons per cm*. For a free electron gas, this 
corresponds to an electron concentration some- 
where between those of classical and degenerate 
gases. Without knowing just how the lattice 
field will affect these electrons, it is impossible 
to anticipate their behavior in the crystal lattice. 

From the point of view of the modern theory, 
an electron gas in a solid may exhibit paramag- 
netism, due to the electron spin, or diamagnetism. 
For a free electron gas, Stoner? has developed 
expressions for the magnetic susceptibilities 
which are valid in two limiting cases, the case of 
a completely degenerate gas, and the case of a 
non-degenerate gas. Let x, denote the paramag- 
netic and xz the diamagnetic susceptibility per 
unit volume. Then Stoner’s formulae may be 
written as follows: 





I. RT <Kfo 
3 ny wskT\? 1p? 
thE) 
2 fo 12 fo 6 0 


1 np? kT ull 
wo (=) 42 (F) |. @ 
2 fo 12 10 


Il. kT>fo 


MOG) « 
AEHOGAD! « 


In these equations, m is the number of electrons 
per unit volume, ucis the Bohr magneton, £o is 





2. c. Sasuer, Proc. Roy. Soc. A152, 672 (1935). 
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the thermodynamic potential per electron cor- 
responding to the upper limit of the Fermi dis- 
tribution at the absolute zero of temperature, /7 
is the magnetic field, and k and TJ are Boltz- 
mann’s constant and the temperature. u and fo 
are given by the relations 


u=eh/4amc (5) 


and 

fo= (h?/2m)(3n/82)!. (6) 
The terms involving the magnetic field are 
negligible, since wH<«kRT except for very high 
fields and extremely low temperatures. The 
terms which give the temperature dependence, 
and indeed both of the Eqs. (3) and (4), are of 
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little interest unless {o/k is a temperature that 
can be attained for any particular case. Except 
for the field dependent parts of Stoner’s equa- 
tions, the resultant susceptibility of the electron 
gas is the simple sum of the dia- and para- 
magnetic parts. Thus the resultant susceptibility 
is paramagnetic, since the magnitude of xq is 3x». 

The electrons in a solid are certainly not free, 
since their behavior depends on the periodic 
potential of the lattice field. Before any quan- 
titative expressions can be deduced, it is neces- 
sary to know how the electronic energies are 
affected by the lattice field. The calculation 
which is involved cannot be carried out in most 
cases, but it is often possible, in a Brillouin zone 
which is only partially filled, to represent the 
energy of an electron by an equation of the form 


E=(h?/2m)(ak2+ack,+as3k.’), (7) 


where k,, k,, and k, are the components of the 
wave number vector k, and a, as, and a3 are 
parameters which can be interpreted as the 
ratios of the electronic mass to the effective mass 
of an electron, referred to the directions of x, y, 
and gz, respectively. Obviously, Eq. (7) represents 
an ellipsoidal energy surface in k space. The 
origin is at the center of the ellipsoid, and lies in 
a plane separating the zone under consideration 
from the next lower one. Near the boundary of a 
zone, the curvature of an energy surface is great, 
so the aproximation is likely to give reasonably 
good results when the number of electrons in the 
higher zone is small. 

The magnetic susceptibilities of the electrons 
in the lattice are different from those of free 
electrons. If their energies are given by Eq. (7), 
the susceptibilities, to a degree of approximation 
corresponding to the first term in each of Stoner’s 
equations, and for the same limiting cases, are 


I. RT<fo* 











3np? 3np? 
Kp>= = ——(a@)a2a3)~ i, 
2fo* = 2fo (8) 
ny nyu (a)a2)* : 
Ka=— cae = — | . (9) 
2f0* 2f0 a3 
II. kT7>fo* 
Kp=ny*/kT, (10) 
Ka>= — (np? 3RT ) ajar. (11) 


The quantity ¢o* in these equations is the value 
of ¢» for the electrons in the lattice. Its value’ is 


fo* = Fo(ara2as)!. (12) 


The fact that Eq. (8) differs from the first term 
of (1) is explained by Eq. (12). It is assumed that 
the spin is unaffected by the lattice forces, and 
the spin paramagnetism is changed only because 
of the change in the limit of the Fermi distri- 
bution for given n. 

It should be noted that the ratio of the mag- 
nitude of xa to x» is Now }a,a2. Thus, depending 
upon aja, the resultant susceptibility may be 
diamagnetic. 


EXPERIMENTAL PROCEDURE 


The magnetic measurements at room tem- 
perature, described in I, showed that in crystals 
of alloys of antimony-tin the diamagnetic sus- 
ceptibility parallel to the trigonal axis, «,), 
decreases rapidly with increasing amounts of tin, 
and for crystals of greater than 1.17 atomic 
percent tin the crystals are paramagnetic in this 
orientation. The greatest paramagnetic sus- 
ceptibility occurs in crystals of a little more than 
4 percent. In order to cover this range, five of 
the crystals previously used were taken for the 
temperature dependence measurements. These 
were of pure antimony and of alloys of 0.49, 1.06, 
2.24, and 4.10 atomic percent tin. 

It was desired to determine the change of the 
principal susceptibilities of these crystals with 
temperature, over a range of temperature from 
77°K (liquid nitrogen) to room temperature. For 
this purpose, one of the most satisfactory 
methods is that which employs the Sucksmith 
ring balance,‘ as modified by Jackson.® Previous 
work with this method has been carried out with 
very small single crystals by Jackson, Schoenberg 
and Uddin,® and others. To use this apparatus 
with the crystals on hand it was necessary to 
adapt it to the Gouy method, since these 
crystals were in the form of rods, about 15 cm 
long and 0.3 cm diameter. 


3A discussion of the effect of the lattice field on the 
electrons in a crystal can be found in N. F. Mott and H. 
Jones, Properties of Metals and Alloys, (Clarendon Press, 
Oxford, 1932) chapter VI. 

4W. Sucksmith, Phil. Mag. 8, 158 (1929). 

5 L. C. Jackson, Proc. Roy. Soc. A140, 695 (1933). 

6 D. Schoenberg and M. Zaki Uddin, Proc. Camb. Phil. 
Soc. 32, 499 (1936). 
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A sectional view of the apparatus is shown in 
Fig. 1. Because of the size of the crystals used, it 
was necessary that the phosphor bronze ring R 
be made of heavier material than has usually 
been used with this method, but the larger mag- 
netic force which can be obtained compensates, 
at least in part, for the loss of sensitivity brought 
about by this modification. The ring which was 
used was 9 cm in diameter, and was made of a 
strip of bronze 0.3 cm wide and 0.015 cm thick. 

The crystal C was suspended from the ring by 
a rigid Pyrex glass fiber, with its lower end 
between the poles of a Weiss electromagnet. 
The crystal was surrounded by a copper tube A, 
connected to the upper housing through a 
German silver tube B. One junction of a copper- 
constantan thermocouple was soldered to the 
copper tube to provide a means of measuring the 
temperature. The refrigerant, liquid nitrogen, 
was contained in the Dewar flask V. To damp 
out vibrations in the suspended system the wire 
ring r, which moves in the dish of oil, D, was 
mounted on the suspension. 

The motion of the crystal under the action of 
a magnetic field produces a deflection of a beam 
of light which passes through the lens L and is 
reflected off the mirrors Mz and M, out the 
window W. The source of light was an ordinary 
galvanometer lamp upon which was mounted a 
screen containing a narrow horizontal slit. The 
image of the slit was received by a traveling 
microscope with ‘which the deflection was 
measured. As a reference line, one of the narrow 
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bands of the diffraction pattern of the slit was 
used. To bring out the pattern clearly, an 
orange-yellow filter was placed before the slit. 

If u is the deflection of the crystal and v the 
corresponding deflection of the image at the 
microscope, then 


» 0.943(4D+2d) 
. R 


where D is the distance from M, to the micro- 
scope, d the distance between J, and M2, and R 
the radius of the ring.’ In this case D was 
approximately 160 cm, d about 6.5 cm, and R 
was 4.5 cm. This gives v, u135. Values of v 
which were obtained with magnetic fields of 
about 9000 gauss were in most cases of the order 
of 1 to 3 mm, and were read to the nearest 0.001 
mm, though the possible error in a given reading 
may have been as large as 0.01 mm in the worst 
cases, because of the difficulty of obtaining a 
fine image in the microscope. The accuracy of the 
measurements could be made greater by improv- 
ing the optical system, but for this particular 
problem results correct to within about one 
percent were considered satisfactory. 

To eliminate the large magnetic effect of 
oxygen at low temperatures, the air in the 
balance housing was pumped out and replaced 
with hydrogen gas, which is weakly diamagnetic. 
It was found that with gas pressures much below 
25 cm of Hg there was considerable thermal lag 
between the crystal and the surrounding copper 
tube, so that the thermocouple would not give 
the temperature of the crystal if this were 
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Fic. 3. Temperature variation of «,, Sb-Sn alloys. 
’ This relation, and those relating the deflections u and v 
with the force on the crystal and the dimensions of the ring 
are given by Sucksmith, reference 4. 
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changing rapidly. Because it was desired to take 
readings with the temperature changing con- 
tinuously, a pressure of approximately 65 cm of 
Hg was maintained in the balance. 

The thermocouple was calibrated from a 
measurement with liquid nitrogen, which was 
found to agree closely with the value given by 


- Weber® for copper-constantan. At all other tem- 


peratures Weber’s values were used to convert 
the thermocouple readings to temperatures, 
computed to the nearest 1°C. 

The deflection u is proportional to the mag- 
netic force on the crystal, and hence to the 
magnetic susceptibility, if the field is kept 
constant. Since the susceptibilities were known 
for all the crystals at room temperature, the 
balance could be calibrated by observing its 
deflection for a given magnetic field at this tem- 
perature. A deflection was observed for each 
orientation of the crystal, that is, one with the 
principal axis of the crystal parallel and one with 
it perpendicular to the magnetic field. Liquid 
nitrogen was then introduced into the Dewar 
flask, and when the system had come to equi- 
librium the new deflections were read, with the 
same current in the electromagnet as before. The 
magnet cores were demagnetized between read- 
ings to insure the same field for each. 

The time required for the crystal to return to 
room temperature after the liquid nitrogen had 
evaporated was about 3 hours. During this time 
observations were made successively with the 
crystal alternately in one orientation and the 
other. Since it was not convenient to rotate 
the crystal, this was accomplished by rotating 
the magnet back and forth through 90°. 

It was noted that there was a gradual change 
in the position of zero deflection as the tem- 
perature changed. This was due partly to the 
change in density of the hydrogen gas, and partly 
to other causes. To account for the shift, the 
position of the zero was checked before and after 
each reading. 


RESULTS 


The results of the measurements are shown in 
Fig. 2 and Fig. 3. In Fig. 2 the volume suscepti- 
bility parallel to the trigonal axis of the crystal, 


8R. L. Weber, Temperature Measurement (Edwards 
Brothers, Inc., Ann Arbor, Michigan, 1941), p. 163. 
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x), is plotted as a function of the absolute tem- 
perature, for each alloy used. Figure 3 shows 
similar graphs for the susceptibility perpendicular 
to the trigonal axis, x,. The behavior of «x, is of 
particular interest. It was observed that except 
for the crystal of 1.06 percent tin the diamag- 
netic susceptibilities increase toward diamag- 
netism and the paramagnetic susceptibilities 
increase toward paramagnetism at low tem- 
peratures. But when the observed values are 
corrected for the diamagnetism of the lattice 
ions, as explained in I, the origin of coordinates 
is shifted to —1.32(10)~*, and all of the curves 
behave in the same way. 

The susceptibilities «x, are only slightly de- 
pendent on the temperature. The curve for pure 
antimony shows complete temperature inde- 
pendence. No experimental points are indicated 
on this curve because of the method used to 
obtain it. The crystal was suspended with the 
proper orientation in the magnetic field. When 
liquid nitrogen was introduced, the reading of 
the microscope was closely observed while the 
system cooled to 77°K, and was taken at intervals 
during the rise back to room temperature. No 
apparent change in the reading was observed at 
any time. 

The complete behavior of the antimony-tin 
alloys is shown by the curves of Fig. 4, in which 
the susceptibilities are plotted as a function of 
composition. The curves for 300°K are part of 
those given for these alloys in I. Points for the 
curves for 77°K were taken from Fig. 2 and Fig. 





904 S. H. BROWNE 

3. Points for intermediate temperatures would 
lie in the regions bounded by the curves shown. 
It is to be seen that when the origin of coordinates 
is shifted in accordance with the correction for 
the lattice ion susceptibility, the point of inter- 
section of all the isothermals of x, lies very 
nearly on the axis of abscissas, at approximately 
0.93 atomic percent tin. This fact lends support 
to the estimate given in I for the overlap, and 
indicates that in this range of temperatures the 
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Fic. 5. Comparison of the magnetic susceptibilities of 
free electrons with x,,, Sb-Sn alloys. Heavy line—theoretical 
curve. 





overlap is essentially temperature independent. 

The results of the measurements on pure anti- 
mony are in good agreement with those of 
Schoenberg and Uddin.* The values of the mass 
susceptibilities x, and x, at 90°K, from Fig. 2, 
are —1.73(10)-* and —0.50(10)-®, respectively. 
Schoenberg and Uddin quote x,,=—1.72(10)~® 
and x,= —0.55(10)-* at 90°K. They found x, 
to be independent of temperature. 


DISCUSSION 


The forms of the equations giving the sus- 
ceptibilities of an electron gas, both for free and 
quasi-bound electrons, suggest that if the cor- 
rected susceptibilities be plotted against 1/7, the 
resulting curves should approach a straight line 
through the origin for small values of (1/7) 
X(T>T.*, where To=f0/k), and should ap- 
proach asymptotically some value (x);)o for large 
values of (1/7)(7<«T>)*). An experimental value 
of 7,*, for each alloy, might then be found by 
extrapolating the curve to the origin and measur- 
ing the slope, as was done by Ganguli and 
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Krishnan® for graphite. For the present case, 
however, this procedure was not very accurate, 
because measurements were made only below 
room temperature. To find 7»* and the best 
value of («);)o, the experimental points were 
fitted to an equation of the form 


apie eee 
=o 1-53) | 


by the method of least squares. The fit was made 
for small values of T, in fact, for 7<180°. The 
results obtained for all alloys are given in Table I. 

If Eqs. (1) and (3) are divided by 3(np* £0), 
and Eas. (2) and (4) by —3(my* fo), the resulting 
expressions are identical for both the para- and 
diamagnetic susceptibilities. They are, for RT, 


° 


Te T ee 
1 — “(—) ’ 
12\ 7) 
and for kT>¢o, 


2 To 1/2\' To \! 

Ha 

Pa 3X\r 7 
where the terms in // are neglected. If these 
functions are plotted against 7) 7, and joined 
together over the region where 7 ~ 7p, the curves 
shown in Fig. 5 and Fig. 6 result. To compare 
these curves with experiment, the corrected 
values of the susceptibilities, divided by (x,,)o 
are plotted against 7)*,/ 7» for each alloy. Figure 
5 shows the points for 0 and 4.10 atomic percent 
tin, and Fig. 6 for the other three. The points in 
Fig. 5 which correspond to values of T7)/T below 
1.5 were found for temperatures between 420°K 
and 530°K, to confirm the trend observed for 
lower temperatures. The agreement between the 
experimental values and the theoretical curve is 
good except in the region where 7~7>*, as is to 
be expected. 

TABLE I, Susceptibilities of Sb-Sn alloys. 











At. % Sn (xo To* (°K) 
0 — 10.60(10)-¢ 475 
0.49 — 4.49(10)-6 585 
1.06 + 0.92(10)-6 750 
2.24 5.01(10)-¢ 615 
4.10 


6.18(10)~¢ 620 


9N. Ganguli and K. S. Krishnan, Proc. Roy. Soc. A177, 
168 (1941). 
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The value of 7) for the overlapping electrons, 
if they were perfectly free, would be 7)= 1860°K, 
from Eq. (6). Hence fo*=0.25¢. This result 
suggests that, if the overlapping electrons are 
responsible for «;, the effect of the lattice field is 
to depress the upper limit of the Fermi distri- 
bution, that is, to increase the density of elec- 
tronic states, but that otherwise they behave 
like free electrons. 

From Eqs. (9) and (11) values of aja. and a; 
can be computed, provided n and ¢o* are known. 
Mott and Jones,’ in discussing the magnetic 
properties of bismuth, have an estimate of the 
overlap, but no experimental information as to 
fo*. Using Eq. (11), and assuming a;=1, they 
evaluate the product aja2, and hence £*. 
A similar calculation for antimony yields 
aja2~3(10)*, and 7To*~157)=28,000°. These 
assumptions lead to a value of xy x, of the order 
of 10°. 

Ganguli and Krishnan, on the other hand, have 
available an experimental value of 7>*. To 
evaluate the a's, they postulate the effective 
number of electrons as one per atom, and cal- 
culate 7» on this basis. They then assume that 
a@,=a., and compute a;. This procedure, for 
antimony, leads to a;=(1/(88.6)*)~10-*. The 
assumption a,=a,.=1 necessitates aja2=1, so 
that the ratio (xa/x,)=4, as for free electrons, 
which means that the resulting susceptibility 
should be paramagnetic. This was not observed, 
in graphite, so Ganguli and Krishnan assume a 
spin-spin coupling to suppress the paramag- 
netism. This seems somewhat artificial. 

The data available for antimony include both 
the number of overlapping electrons and the 
observed degeneracy temperature. If one uses 
these, and also the value —10.6(10)-* for «4 in 
Eq. (9) he obtains aja2=52.5. Hence (xa/ Kk» 
= 17.5, a much more reasonable figure than 10°, 
and one which makes the resultant susceptibility 
diamagnetic without the necessity of further 
assumptions. 


oo 0.49 % Sn 


© 1.06 % Sn 
6 4 224% Sn 


RATIO (Kud/( Kudo 





0 2 3 4 5 
T/T 


Fic. 6. Comparison of the magnetic susceptibilities of 
free electrons with x,,, Sb-Sn alloys. Heavy line—theoretical 
curve. 


As found above, if the overlapping electrons 
were prefectly free, they would have a T»)= 1860°. 
Hence, from Eq. (12), (a:a2a3)'=0.25, and so 
a,=3.2(10)-*. These values of a), a2, and a; in 
Eq. (7) represent an energy surface in k space 
somewhere between that of Mott and Jones on 
the one hand and Ganguli and Krishnan on the 
other. 

Finally, having the value of 7»*, the energy 
interval between the bottom of the second 
Brillouin zone and the top of the Fermi distri- 
bution is k7)*=0.04 ev for pure antimony. 

Very little can be concluded from the experi- 
mentally observed behavior of «,, since the 
theory is not adequate to handle this case. The 
fact that «x, is so slightly dependent on tem- 
perature and on change in the electron concen- 
tration in the lattice suggests that it is in some 
way related to the electrons in the first Brillouin 
zone, but no quantitative information can be 
given. 

One of us (S.H.B.) presented part of this work 
to the Faculty of the Graduate School of Yale 
University for the degree of Doctor of Philosophy. 
Part of the equipment used in this work was 
purchased by a grant from the George Sheffield 
Fund. 





DECEMBER 15, 1941 


PHYSICAL 


VOLUME 60 


REVIEW 


Theory of the Elasticity of Polycrystals with Viscous Grain Boundaries* 


CLARENCE ZENER 
State College of Washington, Pullman, Washington 
(Received October 16, 1941) 


Previous experiments have shown that in annealed polycrystalline specimens, the grain 
boundaries are much more susceptible to plastic shear than are the interiors of the grains. This 
paper investigates the elastic properties of a specimen in which the grain boundaries are 
incapable of supporting shearing stresses. In such a specimen Young’s modulus is found to be 
from 50 percent to 76 percent of its value when no slip at grain boundaries occurs, depending 
upon Poisson’s ratio. This reduction of Young’s modulus by slipping at grain boundaries should 
be observable by comparing values measured statically at elevated temperatures with those 


measured dynamically. 


T high temperatures rupture occurs along 
grain boundaries, at low temperatures 
across the interior of the grains. On the other 
hand, the shearing resistance of grain boundaries 
is apparently less at all temperatures than the 
shearing resistance of the individual grains them- 
selves. Thus, according to Kanter,? a microsection 
of a lead specimen which has suffered some creep 
“presents the appearance of grains swimming in 
their own boundaries.’”’ The concept that slip 
along grain boundaries occurs with relative ease 
has been used by Schumacher’ to explain the 
discontinuous creep character of large grained 
specimens at low stress levels. Finally, the varia- 
tion of internal friction with temperature and 
with grain size‘ indicates that at low stress levels 
the individual grains behave elastically, but that 
they slip comparatively readily over one another. 
A polycrystalline specimen under a constant 
load cannot of course continue to creep indefi- 
nitely merely by slipping at grain boundaries. As 
Schumacher’ has pointed out, the grains form a 
self-locking system. Rather, the relaxation of 
shearing stresses across the grain boundaries 
gives rise to a “‘relaxed’’ Young’s modulus, Ep, 
which is smaller than the Young’s modulus when 
the stresses are unrelaxed, E. The measured 
modulus will lie between Er and E, the precise 


* This work was financed in part by the Engineering 
Foundation and was sponsored by the American Institute 
of Mining and Metallurgical Engineers. 

1Z. Jeffries and R. Archer, The Science of Metals 
(McGraw-Hill, 1924), pp. 166-167. 

2J. J. Kanter, Trans. A. I. M. E. 131, 396 (1938). 

3 E. E. Schumacher, Trans. A. I. M. E. 143, 176 (1941). 

*A. Barnes and C. Zener, Phys. Rev. 58, 87 (1940); 
C. Zener, D. Van Winkle, H. Nielsen, in press, Trans. 
A. I. M. E. 


value depending upon the time taken in its 
measurement, i.e., depending upon how much 
stress relaxation is allowed. Thus in measure- 
ments at elevated temperatures, Er will be ob- 
tained by quasi-static methods, E by high 
frequency dynamical methods. In cyclic vibra- 
tions this stress relaxation will result in a dissi- 
pation of energy. The internal friction (ratio of 
imaginary to real part of modulus) resulting 
therefrom will have a maximum value of the 
order of magnitude of (E—Ep)/(E+Er). This 
maximum value will occur in the frequency range 
for which the period of vibration is comparable to 
the time of relaxation of the shearing stresses. 
The purpose of the present paper is to compare 
the Young’s modulus of a polycrystalline speci- 
men in the case where the grain boundaries are 
slippery (Er), with the case where no slip occurs 
across the boundaries (£). In §1 the essential 
features of the problem are analyzed. By neg- 
lecting all irrelevant complicating factors, it is 
found possible to reduce the problem to one that 
is soluble by the standard methods of elasticity 
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Fic. 1. Dependence of relaxed Young’s modulus 
upon Poisson’s ratio. 
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theory. The solution of this simplified problem is 
given in §2. The ratio Ex/E is obtained as a 
function of Poisson's ratio ¢, Eq. (8). A graph of 
this ratio is given in Fig. 1. 


$1. FORMULATION OF PROBLEM 


The grain structure of a recrystallized poly- 
crystalline metal has been compared to the cell 
structure of foam.® In each case the average unit 
is a pentagonal dodecahedron. Examination 
shows that slipping at the grain boundaries can 
occur only on the faces. The geometrical arrange- 
ment blocks slipping at the corners. This may be 
readily visualized by a two-dimensional struc- 
ture, as in Fig. 2. 

When a load is applied to a specimen, it will 
drop further if the shearing stresses across the 
grain boundaries are relaxed. This further 
dropping of the load implies an increase in strain 
energy, and hence in the strain energy stored by 
each grain. [It may not be obvious, at first sight, 
how such a relaxation of shearing stresses at the 
boundaries of a grain increases its total strain 
energy. It does become obvious, however, when 
we recall a well-known mathematical theorem. 
This theorem states that that function ¢ which 
makes (¢*)4 a minimum, subject to the condition 
that (¢)« be a constant, is itself a constant. Any 
allowed deviation of yg from a constant function 
will necessarily raise the average of its square. 
Now the strain energy of a grain is an average of 
a quadratic function of the stresses. The average 
of the stresses themselves, however, is determined 
by the conditions of loading. Thus if the z axis is 
chosen as the axis of loading, then the average of 
all stresses is zero except (Z,),. If the grains are 
elastically isotropic, the stresses are everywhere 
constant before the grain boundaries slip. 
Slipping at the boundaries sets up an inhomo- 
geneous distribution of stresses, and hence neces- 
sarily raises the strain energy. The same quali- 
tative result is to be expected for elastically 
anisotropic grains. This complicating factor of 
elastic anisotropy will be neglected in the follow- 
ing discussion. 

These qualitative considerations suggest that 
we attack our problem by comparing the strain 


5C. Desch, The Chemistry of Solids (Cornell, 1934), 
pp. 59-63. 
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Fic. 2. Illustration of slipping at grain boundaries in a 
two-dimensional lattice. The arrows give the directions 
of slip. 


energy stored in an individual grain for the two 
cases : (1) uniform stresses, (2) no shearing stresses 
across grain boundaries. The average of the 
stresses is to be the same in each case, namely, 
all are to vanish except (Z.),4. In each case the 
modulus E may be obtained from the equation 


W=(1/2E)(Z.)x?, (1) 


where W is the mean strain energy per unit 
volume. It is not to be expected that the ratio of 
the modulus E for the two cases will depend 
much upon the shape of the grain, as long as the 
grain has a high degree of symmetry. In par- 
ticular, it is to be expected that the ratio will be 
practically the same for grains which are spheres 
as for grains which are pentagonal dodecahedrons. 
Since the theory of elasticity has been ap- 
plied in detail to spheres, while not at all to 
dodecahedrons, we shall, in our calculations, 
assume the grains to be spherical. 


§2. SOLUTION OF PROBLEM 


We shall first find that displacement vector U 
appropriate to our problem. This displacement 
vector must of course be a solution of the equa- 
tions of equilibrium. It must also be associated 
with a zero shearing traction across the surface 
of a sphere of radius a. Upon taking the z axis to 
be our axis of loading, we have the further con- 
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dition that U must be such that the volume 
average of X, and of Y, vanish. This vector U we 
shall construct by superimposing three vector 
displacements U;, Un and Uy, each of which are 
solutions of the equations of equilibrium. The 
first will be taken as the displacement vector 
corresponding to a uniform stress Z., all the other 
stresses vanishing. 
U, =e:(—ox, —cy, 2). (2) 
This represents the displacement vector in our 
polycrystal with axial loading, before relaxation 
of shearing stresses across grain boundaries. 
Now UJ, is associated with the shearing stress 


R,= —e,E cos @ sin 6 


across a spherical surface. The second displace- 
ment vector Uj; will be so chosen as to neutralize 
this shearing stress across the surface of a sphere 
of radius a. A solution of the equations of 
equilibrium which is associated with a shearing 
stress of this type is given by Love.® It is 
Uin = e2| 77(0/dx, 0 dy, 0/02) 

+a(x, vy, 2)}(322—r*?)/a?, (3) 
where @ is given in terms of the Lamé elastic 
constants \ and yu by 


a= —2(2\+7u)/(5A+7y). 


From the stresses, given by Love, which are 

associated with this displacement vector, we find 

that the shearing stress Ry of U; is canceled if 
é2= —e,(E/12u)(5A+7u)/(8A+7u). (4) 


The third displacement vector Uy will be so 
chosen as to neutralize the average of the 


6A. E. H. Love, Mathematical Theory of Elasticity 


(Cambridge, 1934), 4th edition, pp. 250-251. 


transverse tensile stresses X, and Y, introduced 
by Uy. In order that no new shearing stresses be 
introduced across the spherical surface of radius 
a, Ui must represent a pure dilatation, 


wm 


) 


Ui = e3(x, y, 2). ( 


The averages of X, and of Y, due to Uy are 
neutralized by taking 


€3 = €2(84u/15A)(A+u)/(SA+7p) 
= —e,(7E/15K)(A+p)/(8\+7y). (6) 


The displacement vector 


U=0,4+0n4+Uin, (7) 


with U;, Un, and Uin given by Eqs. (2)—(6), now 
satisfies all conditions appropriate to our prob- 
lem. From Eq. (1), the Young’s modulus for the 
polycrystal with relaxed shearing stresses across 
grain boundaries is given by 


Er=(Z:)0"7/2W. 


Here (Z.),4 and the mean strain energy density W 
are to be calculated with U of Eq. (7). In com- 
puting W, we need the total strain energy of the 
sphere. This may be most readily computed from 
the displacement U and the traction across the 
surface, T,’ 


Strain energy =} /U-TdS, 


the integral being taken over the surface of the 
sphere. Since T is normal to the surface of the 
sphere, the integrand reduces to U,7,. A straight- 
forward but tedious calculation gives 

Er=3}(7+50)/(7+0—5o0°)}E, (8) 
where @ is Poisson’s ratio. A plot of Er/E is 
given in Fig. 1. 


7R. V. Southwell, Theory of Elasticity (Oxford, 1936), 
pp. 8-9. 
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Letters to the Editor 








ROMPT publication of brief reports of important dis- 
covertes in physics may be secured by addressing them 
to this department. Closing dates for this department are, for 
the first issue of the month, the eighteenth of the preceding 
month, for the second issue, the third of the month. Because 
of the late closing dates for the section no proof can be shown 
to authors. The Board of Editors does not hold itself responsible 
for the opinions expressed by the correspondents. 
Communications should not in general exceed 600 words 
in length. 





Preparation and Properties of Long-Lived 
Radio-Chlorine* 


Davip C. GRAHAME, Department of Chemistry, Amherst College, 
Amherst, Massachusetts 


AND 


HAROLD J. WALKE, Department of Physics, University of Liverpool, 
Liverpool, England 


November 29, 1941 


LONG-LIVED radioactive isotope of chlorine has 
been prepared by the intensive irradiation with slow 
neutrons of substances containing chlorine in a form which 
permits a concentration of the radioactive substance by 
the method of Szilard and Chalmers.' Irradiation was 
carried out by allowing relatively large quantities (about 
a pound each) of sodium chlorate or of sodium perchlo- 
rate to stand in the neighborhood of the target holder 
of the Berkeley 37-inch cyclotron for periods of six months 
or more while the cyclotron was in use for other purposes. 
After irradiation the samples were dissolved in water, 
treated with a small excess of silver nitrate (which always 
produced a slight precipitate of silver chloride as a result 
of impurities in the original salts), filtered, the precipitate 
washed, dissolved in ammonium hydroxide, filtered again 
through a very fine-grained filter to remove traces of silver 
sulfide and other insoluble material, and treated with an 
amount of sodium iodide just sufficient to precipitate the 
silver in the solution as silver iodide. Evaporation of the 
solution to dryness left a residue of sodium chloride with 
a small but easily detectable radioactivity with a half-life 
not less than two years, as established by direct observa- 
tion. Further intensive purification of the sample did not 
result in any marked diminution of the radioactivity. 
Special care was taken to remove sulfur, and the properties 
of the radioactive substance isolated were in no way like 
those of S**. The most active sample so far prepared had 
an activity of about 0.006 div./sec. when placed inside a 
Lauritsen quartz fiber electroscope of ordinary sensitivity 
and a natural background of about 0.0028 div./sec. 
Deuteron irradiation of sodium chloride proved to be an 
unsatisfactory way of producing long-lived radio-chlorine 
because there is no way to concentrate the active substance. 
A 100-microampere hour bombardment of sodium chloride 
with 5.7-Mev deuterons yielded a sample of long-lived 
radio-chlorine just barely detectable (8 percent of back- 
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ground) in a highly sensitive screen-walled counter of the 
type described by Libby.’ 

The radiation emitted by a relatively strong sample of 
the new substance has been studied briefly by means of 
stereoscopic photographs of the tracks produced when 
the sample was placed inside a very large cloud chamber 
of the type described by Williams.’ Eighteen pairs of 
photographs showed 16 tracks of negative electrons and 
three low energy positrons apparently coming from the 
source. A few characteristic spots could be observed in 
the photographs, very close to the source, and apparently 
due to photoelectrons from soft x-rays.‘ The presence of 
soft x-rays does not, of course, prove the occurrence of 
K-electron capture, but it seems highly probable that this 
process does occur here in view of the positron emission 
and the very long life of the radioactive substance. (The low 
intensity of the x-rays observed here may arise from the 
fact that the sample under investigation was thick relative 
to the very short range of the Ka radiation of sulfur.) 

The extraordinarily small intensity of all observable 
radiations from the sample suggests that the half-life of 
the substance formed must be much greater than the 
observed lower limit of two years. It is not possible to 
make an accurate estimate of the half-life from yield data 
alone, but a comparison of the intensity of the radiation 
produced by other neutron-irradiated substances with 
similar absorption cross sections suggests that the half-life 
is probably 10° years or more. 

The emission of positrons, taken together with the fact 
that the familiar 37-minute radio-chlorine is known® to be 
Cl**, makes it reasonably certain that the new isotope is 
Cl** formed by the reaction Cl**(, y)CI*. (In this con- 
nection it should be remembered that the absorption 
cross section of chlorine for slow neutrons is too large 
to be accounted for by the reaction-forming 37-minute 
chlorine alone.*) The disintegration of Cl** appears to 
proceed along the three parallel paths, 


A+ 8° 
C}%6 —S*6+ 8° 
—S**+ K radiation (?). 


Careful absorption measurements of the radiation made 
with a thin-walled counter (0.0052 g/cm?) in a geometrical 
arrangement modeled after that of Feather’? gave an 
end-point at 0.199+0.01; g/cm? corresponding to an 
energy of 0.64 Mev. 

We take this opportunity to thank Professor E. O. 
Lawrence and other members of the Radiation Laboratory 
of the University of California for the irradiation of the 
substances used in this work. 


* The work described in this communication was interrupted by the 
untimely death of Dr. Walke in December, 1939. Most of the work 
here reported was carried out in the laboratories of the University of 
California and the University of Liverpool prior to that date. 

1L. Szilard and T. A. Chalmers, Nature 134, 462 (1934). 

2W. F. Libby, Phys. Rev. 46, 196 (1934). 

3 E, J. Williams, Proc. Roy. Soc. A172, 194 (1939). 

4See H. Walke, E. J. Williams, and G. R. Evans, Proc. Roy. Soc. 
A171, 360 (1939). 

5 J. W. Kennedy and G. T. Seaborg, Phys. Rev. 57, 843 (1940). 

*S. Kikuchi, E. Takeda, and J. Ito, Proc. Phys. Math. Soc. Japan 
19, 43 (1937). 

7N. Feather, Proc. Camb. Phil. Soc. 34, 599 (1938). 
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Nuclear Photo-Effect on Sulphur, Aluminum, 
and Magnesium 


O. Huser, O. LIENHARD, P. SCHERRER, AND H. WAFFLER 


Physikalisches Institut der Eidgendssischen Technischen Hochschule, 
Ziirich, Switzerland 


October 24, 1941 


(5 * MMA-RAYS of 17 Mev are produced in resonance 
capture of protons by lithium. From the energetic 
point of view, photo-dissociation (y, 2) of almost all the 
nuclei in the periodic table should be possible with them. 

Using these hard y-rays, Bothe and Gentner' succeeded 
in producing nuclear photo-effect in 15 elements, by ob- 
serving the radioactivity of the residual nucleus. In all 
other possible cases, related with instability of the remain- 
ing nucleus, they failed to find any effect. The reasons for 
these negative results may be the following: (1) too low 
cross section for photo-dissociation, (2) K electron capture 
of the residual nucleus, (3) half-lives too short for observa- 
tion with their method. Argument (3) may hold in the 
case of the short-life radioactive isotopes S** (7 = 3.2 sec.), 
Si?” (~4 sec.), Al?* (7.0 sec.), Mg® (11.6 sec.). We therefore 
tried to produce these radioactive isotopes by irradiating 
the elements with the 17 Mev y-rays. 

Protons from a 40 kv-discharge were accelerated in a 
five section cascade tube. The target was obtained by 
evaporation of lithium metal. The high tension (up to 
750 kv) was produced by a belt generator of the Van de 
Graaff type. Magnetically unresolved proton beams up to 
100ua were used. 

The elements in form of hollow cylinders were placed 
around the target. After activation, they were passed over 
to a G-M counter in less than two seconds. The following 
results were obtained: 

(1) Sulphur: S*(y, n)S**.—In several runs, 4800 counts 
above the background rate of the counter (20 counts/min. 
with running apparatus) were registered. The initial ac- 
tivity exceeded this background by a factor of 15. The 
half-life, obtained from a logarithmic plot, is 7=2.9+0.2 
sec. The yield of the photo-effect was calculated by ex- 
trapolating the measured initial activity to infinite time 
of bombardment. The yield was compared with that of 
copper: Cu®(y, 2)Cu® (10.5 min.). It was found to be 
14 percent of the Cu® yield. 

(2) Aluminum: Al**(y, n)AP*.—The total number of 
counts, measured as before, was 2800. The half-life ob- 
tained was 7=7.2+0.5 sec. and the yield 11 percent of 
that of Cu®. 

(3) Magnesium: The activity induced in Mg was very 
weak and gave a yield approximately 5 percent of that 
of Cu®. Moreover, the measurement of the half-life was 
disturbed by the 40-sec. activity of Ne*, resulting from 
the reaction Mg**(n, a)Ne*. The neutrons are produced 
in the lithium target by the processes Li’(d, m)Be* and 
Li’(d, n)2He*, due to the natural content of deuterons 
in the proton beam. If one subtracts from the observed 
decay curve the 40-sec. activity, a period of approximately 
12 sec. remains. Not too much weight should be attached 
to the accuracy of this value, in spite of the rough correc- 


tion applied. 


THE EDITOR 


In every case we ascertained that the reported effects 
are not produced by neutrons. For this purpose y-rays 
and induced activity were measured in the whole voltage 
range from 400 to 700 kv. The activity was always pro- 
portional to the y-ray intensity, both showing the same 
characteristic step between 440 and 500 kv, and remaining 
constant from 500 to 700 kv. No effect could be found 
with silicon. 

1W. Bothe and W. Gentner, Zeits. f. Physik 106, 236 (1937); 112, 
45 (1939). 





Differential Measurements of the Meson’s 
Lifetime at Different Elevations* 


G. BERNARDINI, B. N. Cacctapuoti, E. Pancini, O. Picctont, 
AND G. C. Wick 
Universities of Rome, Bologna, and Padua, Italy 
September 16, 1941 


ECENTLY several determinations on the lifetime of 

the meson, have been published! that are independent 
of additional assumptions regarding the energy distribution 
of these particles. In spite of the accuracy of these meas- 
urements, the difference of opinion regarding the results 
is greater than the statistical errors. There have been 
similar disagreements in previous experiments. 

As further experiments were particularly desirable in 
view of clearing these difficulties, new measures have been 
taken at Rome (50 m) and Cervinia (2050 m) and at 
Cervinia and Pian Rosa (3490 m). A set of counters in 
three- and fourfold coincidences has enabled us to record 
the number III-IV of mesons that traverse a lead absorber 
A and are stopped in a block B (20 cm lead). Two complete 
sets of measurements were carried out at Rome and 
Cervinia and one at Pian Rosa. The final results are 
summarized in Tables I, II and III. 


TABLE I. Coincidences per hour at Rome. 
























































COINCIDENCES/ HouR Av. 
A B PRESSURE 
IN CM IN CM III IV IlI-IV | IN MM 
15 O | 277.7+1.5 267.0+1.5 10.740.3 | 757.2 
15 20 | 278.5+1.5 243.2 41.5 35.3 +0.5 756.0 
TABLE II. Coincidences per hour at Cervinia. 
COINCIDENCES/ Hour Av. 
A B | PRESSURE 
IN CM IN CM Ill IV I1I-IV | IN MM 
15+34.6 0 329.5 42.7 306.5 +2.6 23.0 +0.7 | 577 
15+34.6 20 324.3 42.5 268.0 +2.5 $6.3+1.0 580 
15 0 421.523 400.5 +3 21.0+0.7 586.5 
15 20 412.0+3 344 +3 68.1+1.3 593.3 
TABLE III. Coincidences per hour at Pian Rosa. 
COINCIDENCES/ Hour AV. 
A B PRESSURE 
IN CM IN CM Ill 1V IlI-IV IN MM 
15+49.3 0 | 371 33 343.443 27.4+40.9 485.0 
15+49.3 20 | 373.742.5 303 +2.5 70.7 +1.1 487.1 
15+15 0 511.544.5 471 +4.2 40.5+1.2 492 
1IS+15 20 | 508 +4 402.5 +3.8 105.5 +1.8 489.5 
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Assuming yc? = 10° ev from the data of the tables we 
calculated the following values for the “proper lifetime’ 
of a meson (in microsec.): 


From Table I and II (A = 15+34.6) r1=3.4+0.3 
From Table II (4 =15) and III (A =15+15) 
ry = 2.55+0.4 
From Table II (4 =15+34.6) and III (A =15+49.4) 
rir = 1.65+0.3 


The ry value is in excellent agreement with the Rossi 
and Hall results. Our measurements agree also with Neher 
and Stever experiments, but differ from the Nielsen, 
Ryerson, Nordheim, and Morgan results. It was pointed 
out, however, that in discussing the latter measurements 
one finds some difficulties.? On the other hand, the differ- 
ence existing in coincidence ratios Denver-Echo Lake, 
with and without absorber 2, are not clear in Rossi and 
Hall experiments. 

Finally we wish to call attention to our results which 
seem to point out that the ratio yc*/r increases with 
increased altitude and average meson energy. 

Further studies are in progress to see if the conclusion 
of our experiments can be accepted. 

* These experiments were made during the winter 1940-41 and we 
have not been able to publish them until now because of the inter- 
national situation. 

1H. V. Neher and H. G. Stever, Phys. Rev. 58, 766 (1940); B. 
Rossi and D. B. Hall. Phys. Rev. 59, 223 (1941); W. M. Nielsen, 
C. M. Ryerson, L. W. Nordheim, and K. Q. Morgan, Phys. Rev. 59, 


547 (1941). 
2L. W. Nordheim, Phys. Rev. 59, 554 (1941). 





Electric Fields in Interstellar Space 


Foster Evans 
University of Colorado, Boulder, Colorado 
November 3, 1941 


Zs a letter! published in The Physical Review, Fred L. 
Mohler has pointed out that an inappropriate value of 
the collision cross section for atomic scattering of electrons 
was used in a paper? on ‘‘Electric fields produced by cosmic 
rays” by the author of the present letter. It is to be noted 
that the assumption made in this paper in regard to the 
composition of the interstellar gas is that there is one 
electron and one hydrogen atom per cm* and not as 
stated by Mohler. According to Dunham practically all 
of this hydrogen is ionized. 

The formula for calculating the collision cross section 
suggested by Mohler was taken from a paper by S. D. 
Gvosdover.‘ It was thought desirable, therefore, to re- 
calculate the previously obtained results with Gvosdover's 
formulae for mean free path and mobility in a positive 
column consisting entirely of a mixture of electrons and 
ions. Under the same assumptions as made in the paper? 
referred to above it is found that the potential produced 
on a star of radius a as a result of interception or emission 
of cosmic rays as charged particles all of one sign is given by 


2mie*y A 
a(kT)ia ’ 


r 
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where m and e are, respectively, the mass and charge of 
the electron, & is Boltzmann's constant, T is the translation 
temperature of electrons in interstellar space, a is the 
ratio of the density of electrons to ions, 4A is the total 
current flow to or from the star in the form of cosmic 
rays, y=(#/4) In(K?7?/e*N,!) and N, is the density of 
ions in the interstellar gas. This equation for the potential 
is valid under the condition that eZA/1.5k7 <2, where A 
is the electron mean free path and £ is the electric field 
in interstellar space. This puts a limitation on the value 
of A that may be used in the above equation, namely, 
A <10*! e.s.u. sec.~'. That is, Ohm’s law is valid only in 
case A <10" e.s.u. sec.-'. In the case of interception of 
charged cosmic-ray particles the current flowing to the 
star is well within this limit and the potential V thus 
produced on a star of radius equal to that of the sun 
becomes of the order of magnitude of 10-* volt. For the 
case of a star emitting charged cosmic-ray particles at 
such a rate that the current is 10 e.s.u. sec.~! the induced 
potential would be approximately 3 volts. 
1F,. L. Mohler, Phys. Rev. 59, 1043 (1941). 
2? F. Evans, Phys. Rev. 59, 1 (1941). 


> T. Dunham, Jr., Proc. Am. Phil. Soc. 81, 277 (1939). 
4S. D. Gvosdover, Physik. Zeits. Sowjetunion 12, 164 (1937). 





Isotope Effect in the Predissociation Phenomena 
of the CH and CD Molecules 


L. Gerd AND R. F. ScHMID 


Physical Institute, Royal Hungarian University for Technical and 
Economic Sciences, Budapest, Hungary 


October 30, 1941 


N the course of a detailed investigation on the pre- 
dissociation phenomena in the CH and CD spectra’ 
the positions of several limiting curves of predissociation 
could be located in the energy vs. p?J(J+1), i.e., energy 
vs. p?J(J+1) schemata of these isotopic molecules. In 
this way the preliminary results reported in a previous 
letter‘ became more precise and could be considerably 
extended, partly by observing the predissociation effects 
under various pressures in the light source, and partly by 
observing them on all three excited states of CH and CD. 
A careful comparison of the corresponding effects in the 
CH and CD spectra revealed® that the graphs of corre- 
sponding limiting curves of predissociation (constructed 
by adequate allowance of the isotopic corrections to the 
kinetic energy, i.e., by using p*J(J+1) as abscissa for CD) 
can be brought in complete coincidence for both molecules 
only if one sets the equilibrium position of the CD ground 
state downward about 350 cm™ units in respect to that 
of the CH molecule. As the electronic isotope effect does 
not amount to more than a few cm™ units in any band 
system of CH and CD, the energies in the equilibrium 
positions of all CD states must be similarly shifted down- 
ward about the same value. The result reported is to be 
regarded as the experimental proof of the suspicion, that 
even for isotopic molecules the potential curves must not 
be strictly identical.*® 
It seems that the increase of the dissociation energy of 
a deuteride just reported is not restricted to the CD 
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molecule. Similar findings could be made for AID also,’ 
where the numerical value of the increase is about 190 cm™ 
and for CaD, where an effect of about 100 cm™ is sus- 
pected. For HgD, however, no noticeable increase seems 
to exist. 

During the course of the analysis of several CH bands, 
attention was paid to a peculiar group of lines around 
4324A mentioned first (together with the corresponding 
“isolated line group” in CD) by Fagerholm. When an 
acetylene-flame served as light source, this group developed 
as a band similar to the ?A—?II bands of CH in this 
region and analysis rendered it quite certain thar it is the 
(2, 2) band of this system. We were not successful in the 
analysis of the corresponding CD band and by searching 
for the reason, it became clear that it was a small, but 
still observable broadening of all CD lines, which prevented 
an exact evaluation of the true combination differences. 
This behavior of the CD lines is the more peculiar since 
the Doppler width for the CD lines must be smaller than 
for the CH lines. The satisfactory sharpness of foreign 
and CH lines on the same plates guarantees the reality of 
an actual broadening. This is confirmed also by the fact 
that the broadening and the fuzziness of the CD lines are 
more pronounced on the longer wave-length side, where 
the line broadening Ad corresponding to a given Av value 
is obviously larger. The broadening effect has the order 
of magnitude of a few tenths of a cm™ unit. 

1L. Gerd, Zeits. f. Physik 117, 709 (1941). 

2 L. Gerd, Zeits. f. Physik 118 (1941). 

} L. Geré and R. Schmid, Zeits. f. Physik 118, 210 (1941). 

4L. Geré and R. F. Schmid, Phys. Rev. 59, 528 (1941). 

5 For comparing predissociation phenomena in isotopic molecules 
see L. Geré and R. Schmid, Zeits. f. Physik 118, 250 (1941). 

*In the case of He, HD and Dz this has been established by I. 
Sandeman, Proc. Roy. Soc. Edinburgh 59, 130 (1939). 


7 E. Olsson, Dissertation, Stockholm 1938. Concerning evaluation, 


see reference 5. 
8’ E. Fagerholm. Naturwiss. 25, 106 (1937). 





The Fe KG’ and K6; Lines of FeS, and Fe,O; 


Joun C. McDoNaLp 
The Dow Chemical Company, Midland, Michigan 
November 28, 1941 


YOSHIDA! has studied the Fe K absorption struc- 
e ture of a number of Fe compounds. In the same 
paper, he reports the wave-length of the Fe K@; line of a 
few of the same compounds. The absorption spectra were 
photographed with a Johann focusing spectrograph. For 
the KB; lines, he used fluorescence excitation with a 
Siegbahn spectrograph. Among other findings, he con- 
cludes that “‘in the cases of the semi-conducting compounds 
the energy distance between the K§; and the beginning 
of the main absorption edge is smaller than in the cases 
of the ionic compounds,”’ which is ‘‘roughly in agreement 
with the theory of electrical conductivity in solids.” 

His experimental findings are reinforced by work of the 
present author®* with a Johansson focusing spectrograph, 
on the Fe K&; lines of two of the same compounds Yoshida 
studied: FeS,, and Fe,O; (hematite). Table I presents the 
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combined results of the two researches. The separation 
of the edge from the line, in electron volts, was calculated 
with R..=1.097X 10° cm equivalent to 13.54 ev. The 
values given have been recalculated from Yoshida’s 
original data. Where only his data are involved, the results 


TaBLe I. Separation of the Fe K absorption edge, and the Fe KB; line, 
in FeSe and Fe20s. 
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EDGE—x.u. AKB: K-KB; 

(YOSHIDA) X.U. ev AUTHOR 
FeS2 1739.4 1741.1 6.9 Yoshida 

1741.3+1 7.7243 McDonald 

Fe2O3; (hematite) 1739.4 1741.7+1 9.344 McDonald 
FeCO; 1739.0 1741.2 9.3 Yoshida 
Fe2(SO,); 1737.5 1741.2 15.1 Yoshida 


are close to the calculated values given in the original 
paper, but are not exactly the same. The present author 
has not been able to discover precisely how Yoshida 
carried out his calculations to get the values published 
by him. 

Table I shows agreement between the two authors in 
the observed position of the line in FeS.. Presumably the 
limits of error were about the same in both studies. The 
separation of edge and line is less than in FeO; (hematite), 
which is semi-conducting, although less so than FeS,. 
(mareasite or pyrites).‘ Yoshida also confirms the observa- 
tion of the present author that mareasite and pyrites 
produce indistinguishable spectra. 

Neither FeCO; in the pure state, nor Fe2(SO4)3, are 
conducting. It must be concluded that the FeCQ; is 
impure. Probably the salt actually examined was the basic 
carbonate, which might well be of a conductive nature. 
If this is not so, the results on FeCO; are not consistent 
with those from the other compounds. 

Ya. M. Fogel® has studied the K®; and K®’ lines of Fe 
in a number of Fe compounds. He finds that the K@’ line 
is sharp in one group of compounds, including Fe2O;; 
whereas in Fe, Fe;C, and FeSs, it is broad. This same 
effect showed up in the previous work by the present 
author?’ as an increase in the limit of error from +0.1 x.u. 
to +0.2 x.u. Fogel confirms the previous determination 
of the position of the line in Fe2O; at 1756.9 x.u. 

His mean. wave-length for the Fe Kp’ in FeSe was 
calculated from the positions of the edges of the band as 
1755.6 x.u. In the work of the present author, the position 
of the line was measured as 1756.6+2x.u., by setting 
directly on the line with the crosshair of the microscope 
in a measuring engine. Both researches were carried out 
with focusing spectrographs and fluorescent radiation. 

The conclusion may be drawn that the Fe K®’ line in 
FeS2 is quite asymmetrical with the peak toward the 
long wave-length edge. 

1S. Yoshida, Sci. Pap. Inst. of Phys. Chem. Res., Tokyo 38, 272 
Oc. McDonald, Phys. Rev. 50, 694 (1936). 

3 J. C. McDonald, Phys. Rev. 50, 782 (1936). 


4 International Critical Tables, 6, 154. 
* Va. M. Fogel, J. Exper. Theoret. Phys. (USSR) 10, 1455 (1940). 











n 
d 


e 





LETTERS TO 


Radioactive Isotopes of Cobalt 


J. J. Livincoop ano G. T. SEABORG 


Jefferson Physical Laboratory, Harvard University, Cambridge, 
Massachusetts, and Department of Chemistry, Radiation 
Laboratory, Department of Physics, University 
of California, Berkeley, California 


December 1, 1941 


HE recent mass spectrographic investigation of the 

cobalt isotopes by Mitchell, Brown, and Fowler,! 
showing that Co®® is the only stable isotope of cobalt, 
taken together with our recently acquired transmutation 
data, now makes it possible for us to make isotopic assign- 
ments for all the cobalt radioactivities with almost com- 
plete certainty. Tentative assignments had been made, 
before all these facts were known, in our table.2? The 
following paragraphs outline what we now believe to be 
the proper interpretation. 

Co: 10.7 minutes and 5.3 years. The long-lived activity 
has been produced by the reactions Co®(n, y)Co®, 
Co**(d, p)Co® and Ni®(d, a)Co®. Negative beta-particles 
and gamma-rays are emitted and the absorption curves 
have already been published. The short-lived activity 
has been produced by the reactions Co%(n, y)Co® and 
Ni®(n, p)Co® and the radiation consists largely of con- 
version electrons. It is probable that the 10.7-minute 
activity constitutes an isomeric transition from an upper to 
a lower level in Co®, and that the 5.3-year activity is due 
to beta-particle decay from the lower level to stable Ni®. 

Co**: 72 days. This activity has been produced by the 
reactions Mn®5(a, »)Co*’, Ni®8(m, p)Co%’, Fe57(d, n)Co**, 
Fe5?(p, y)Co*’, and probably also Fe®*(a, np)Co**. Mag- 
netic deflection experiments have shown that the particles 
are mainly, if not entirely, positive beta-particles. Ab- 
sorption curves have been obtained from samples made 
by all, except the last, of these reactions, and the common 
range is 0.12 g/cm? of aluminum which corresponds®* to 
an upper energy limit of 0.4 Mev. The gamma-ray ab- 
sorption has a half-thickness of 6.5 g/cm? of lead, corre- 
sponding’ to an energy of 0.6 Mev. 


THE EDITOR 913 


Co*’: 270 days. This isotope has been produced by the 
reactions Fe®*(d, n)Co'’ and Fe**(p, y)Co*’. The range of 
the positrons is 0.06 g/cm? of aluminum, corresponding® ® 
to an energy of 0.26 Mev. Conversion electrons are also 
present in the radiation from this activity. 

Co**: 72 days. The half-life of this positron emitter is 
the same, within the errors of measurement, as that of 
Co**, but the energy of the positrons is decidedly greater. 
The range is 0.5 g/cm? of aluminum which corresponds*® 
to an upper energy limit of 1.2 Mev. The gamma-ray 
absorption has a half-thickness of 10 g/cm? of lead, 
corresponding’ to an energy of 1.05 Mev. This isotope 
has been produced by the reactions Fe®(d, 2n)Co*®, 
Ni®8(d, a)Co** and Fe**(a, np)Co*®*. Low energy (5.5 Mev) 
deuterons on iron produce Co** by the d, m reaction, but 
do not produce Co**, while 16-Mev deuterons on iron 
produce Co** by the d, 2 reaction. 

Co: 18.0 hours. This well-known activity is produced 
by the reactions Fe®*(d, n)Co® and Fe**(p, y)Co®. It has 
been found to be the parent of Fe®5, and this is the basis 
for its assignment to Co, 

We have not found any evidence for a radioactive 
Co*', which might have been formed by the reaction 
Fe®(d, 2n)Co*. 

Full details of this work, including decay and absorption 
curves and a bibliography of all the work that has been 
done on the radioactive isotopes of cobalt, will be published 
in The Physical Review at a later date. We are indebted 
to Mr. G. Friedlander for aid in some of the experiments. 
Our thanks are also due the Research Corporation and 
the Rockefeller Foundation for financial support. 

! J. J. Mitchell, H. S. Brown, and R. D. Fowler, Phys. Rev. 60, 359 
“ 'j. Livingood and G. T. Seaborg, Rev. Mod. Phys. 12, 30 (1940). 

3G. T. Seaborg, Chem. Rev. 27, 199 (1940). 

‘J. J. Livingood and G. T. Seaborg, Phys. Rev. 53, 847 (1938). 

5 R. W. Varder, Phil. Mag. 29, 726 (1915). 

6 C. E. Eddy, Proc. Camb. Phil. Soc. 25, 50 (1929). 


7 W. Gentner, J. de phys. et rad. 6, 274 (1935). 
8’ Widdowson and Champion, Proc. Phys. Soc. 50, 192 (1938). 





DECEMBER 15, 1941 


PHYSICAL 





VOLUME 60 


REVIEW 


Author Index to Volume 60 


References with (A) are to abstracts of papers presented at meetings of the American Physical Society. 
References with (L) are to Letters to the Editor and those with (T) designate title only. 


Adler, Felix. On the slowing down of neutrons by elastic 
collisions—279(L) 

Ageno, M., E. Amaldi, D. Bocciarelli, B. N. Cacciapuoti 
and G. C. Trabacchi. Fission vield by fast neutrons—67 

Albertson, Walter (see Russell, Henry Norris)—641 

Allen, J. S. V., M. L. Pool, J. D. Kurbatov and L. L. Quill. 
Artificial radioactivity of Ti#*—155(L); 425 

Alvarez, L. W., A. C. Helmholz and B. T. Wright. Recoil 
from K capture—160(A) 

Amaldi, E. (see Ageno, M.)—67 

Anderson, Carl D. and Seth H. Neddermeyer. Cloud 
chamber for cosmic-ray studies—160(A) 

Anderson, H. H. (see Sherr, R.)—473 

Andrews, Donald H. (see Brucksch, W. F. Jr.)—170(A) 

Apker, L. W. (see Weiskopf, V. F.)—170(A) 

Armi, Edgar L. Electrical conduction and crystallization 
phenomena in thin films deposited at low temperatures 
—162(A) 


Bainbridge, K. T. (see Sherr, R.)—473 
Baltzer, O. J. Non-Laue maxima in the diffraction of x-ravs 
from rocksalt—temperature effect—160 


Banet, Leo. Phenomena of photophoresis and special 


application for the system sun-earth—169(A) 

Barker, E. F. (see Sheng, Hsi-yin)—786 

Barnéthy, J. and M. Forré. Proper lifetime of the mesotrons 
—154(L) 

Beck, C. (see O’Connor, J. J.)—173(A); 443 

Beeck, O. (see Brattain, R. Robert )—161(A) 

Benedetto, F. A. (see Hess, V. F.)—610 

Bennett, C. E. (see Oleson, F. B.)—171(A) 

Bennett, W. E. and B. E. Watt. Yield of neutrons and beta- 
rays from Li+H?—167(A) 

Bennett, W. H. (see Loeb, L. B.)—714 

Bernardini, G., B. N. Cacciapuoti, E. Pancini, O. Piccioni, 
and G. C. Wick. Differential measurements of the 
meson’s lifetime at different elevations—910(L) 
— G. C. Wick, M. Conversi and E. Pancini. Positive 
excess in mesotron spectrum—535(L) 

Berry, Edward B., S. J. (see Hess, Victor F.)—746(L) 

Birge, Raymond T. Values of R and of e/m, from the spectra 
of H, D and He*—766 

Bitter, F., A. R. Kaufmann, C. Starr and S. T. Pan. Mag- 
netic studies of solid solutions. II. The properties of 
quenched copper-iron alloys—134 

Blythe, Richard H. (see Shankland, Robert S.)—64(A) 

Boardman, Brewer F. Polarization of x-rays from thin 
targets—163(A) 

Bocciarelli, D. (see Ageno, M.)—67 

Béggild, J. K. Range-velocity relation for fission fragments 
in helium—827 

Bonner, T. W. and H. T. Richards. 4.9-Mev gamma-ray 
from Li+H*—167(A) 

Bradbury, N. E. (see Farrell, E. J.)—161(A) 

Brattain, R. Robert. Automatic-recording vacuum spectro- 
graph for the 2u to 274 region—164(A) 


— and O. Beeck. Rapid precision gas analysis by infra- 
red absorption—161(A) 

Brickwedde, F. G. and L. H. Brickwedde. Derivation of the 
thermodynamic equations for the heats of reaction of 
saturated Weston and Clark standard cells—172(A) 

Brickwedde, L. H. (see Brickwedde, F. G.)—172(A) 

Bridgman, P. W. Compressions and polymorphic transi- 
tions of seventeen elements to 100,000 kg/cm?—351 

Bright, William C. (see Whitaker, Martin D.)—155(L); 
280(L) 

Brillouin, Léon. Theory of the magnetron. I.—385 

Brooks, Harvey. Interaction between nuclear spin and 
molecular rotation—168(A) 

Broussard, Leo and Alvin C. Graves. 
of the Rossi curve—413(L) 

Brown, A. A. Preparation of tungsten single crystal faces 
for thermionic emission studies—170(A) 

Brown, Harrison S. (see Mitchell, John J.)—359(L) 

Brown, William Fuller, Jr. Effect of dislocations on mag- 
netization near saturation—139 

Browne, S. H. and C. T. Lane. Temperature variation of 
the magnetic susceptibilities of antimony-tin alloys—899 

—— and C. T. Lane. Variation of the magnetic properties 
of antimony with electron concentration—895 

Brucksch, W. F., Jr., W. T. Ziegler, F. H. Horn and Donald 
H. Andrews. Attenuated superconductors. II. Pb, Sn, 
Cb and Ta—170(A) 

Brunings, J. H. M., J. K. Knipp and E. Teller. On the 
momentum loss of heavy ions—657 

Bueso-Sanllehi, Facundo. Rotational analysis of the 2900.\ 
band of CO.*—556 

Burling, R. L. Gamma-rays from sodium bombarded by 
protons—340 


Second maximum 


Cacciapuoti, B. N. (see Ageno, M.)—67 

—— (see Bernardini, G.)—910(L) 

Cady, Willoughby M. (see Tomboulian, D. H.)—551 

Carroll, Henry. Interaction of slow neutrons with nuclei 
702 

Chao, K. T. (see Oleson, N. L.)—378 

Christy, R. F. and J. R. Oppenheimer. High energy soft 
component of cosmic rays—159(A) 

Clancy, Edward P. Induced radioactivity of krypton and 
xenon—87 

Cocconi, Giuseppe. On the presence of strongly ionizing 
particles in cosmic-ray showers—533(L) 

—— On the protonic nature of the primary cosmic radia- 
tion—532(L) 

Cole, Robert H. Correlations in dielectric data—172(A) 

Conversi, M. (see Bernardini, G.)—535(L) 

Cook, Samuel R. On a modification of Planck’s quantum 
theory with special reference to an explanation of his 
oscillators—164(.A); 173(A) 

——— Radiant energy theory of the absorption of primary 
x-rays, ionization and photoelectron emission—158(A); 
169(A) 


914 














AUTHOR 


Corben, H. C. Theory of cascade showers in heavy ele- 
ments—435 

Cork, J. M. and Gail P. Smith. Radioactive isotopes of 
barium from cesium—480 

Cornog, R. (see Libby, W. F.)—171(A) 

Crane, H. R. (see Oleson, N. L.)—378 

Critchfield, Charles L. and Edward Teller. On the angular 
distribution of alpha-particles produced in the Li’- 
proton reaction—10 

and Eugene P. Wigner. Antisymmetrical interaction 

in beta-decay theory—412(L) 





Dadourian, H. M. Principle of the unobservable—172(A) 

Danforth, W. E. and Emmett L. Hudspeth. Operational 
details of the Bartol electrostatic generator—170(A) 

Davis, Dorothy N. (see Russell, Henry Norris)—641 

Dember, A. and A. Goetz. X-ray studies of magnesium 
single crystals at low temperatures—162(A) 

Dennison, D. M. (see Sheng, Hsi-vin)—786 

Deutsch, M. (see Downing, J. R.)—470(L) 

—— (see Roberts, A.)—544 

—— and Arthur Roberts. Energies of gamma-rays from 
Br®, 1131, 1130 \Min5*, Mn, As?4—362(L) 

Dieke, G. H. Intensities in perturbations—523 

Dodds, Wellesley J. and J. D. Stranathan. Electrets made 
from dry-mixed components—360(L) 

Doolittle, H. D. (see Perkins, H. A.)—811 

Doran, R. L. and W. J. Henderson. New reactions in 
nickel—411(L) 

Downing, J. R. (see Roberts, A.)—544 

——., M. Deutsch, and A. Roberts. Disintegration scheme 
of the yttrium activity of 100-day half-period—470(L) 

Duffendack, O. S. (see Saunderson, J. L.)—190 

DuMond, J. W. M., W. K. H. Panofsky and A. E. S. 
Green. Further experiments concerning the determina- 
tion of h/e by the short wave-length limit of the con- 
tinuous x-ray spectrum—163(A) 

Dunlap, Henry F. and Robert N. Little. Scattering of fast 
neutrons by lead—693 


Ehrenhaft, Felix. Photophoresis: applications and the ques- 
tion of the existence of unipolar magnetism—169(A) 

Eisele, Louis J., S. J. (see Weber, Alfred H.)—570 

Ellett, A., Leonard O. Olsen and Raymond Peterson. 
Quenching and depolarization of resonance radiation by 
collisions with molecules of a foreign gas—107 

Elmore, W. C. Theory of the optical and magnetic proper- 
ties of ferromagnetic suspensions—593 

Elliott, D. R. and L. D. P. King. Extension of the radio- 
active series, Z= N+1—489 

Elsasser, Walter M. Statistical analysis of the earth's 
internal magnetic field—159(A); 876 

Emslie, A. G. Formation of a gas layer on a silver surface 
—458 

Enns, T. (see Hughes, A. L.)—345 

Evans, Foster. Electric fields in interstellar space—911(L) 


Fajans, Kasimir and Adolf F. Voigt. Artificial radioactive 
isotopes of thallium, lead, and bismuth—619 


INDEX 915 

—— and Adolf F. Voigt. Note on the radiochemistry of 
europium—533(L) 

—— and Adolf F. Voigt. Use of uranium lead in the assign- 
ment of artificial radioactive isotopes—626 

Farnsworth, H. E. and W. E. Johnson. Fine structure in 
the diffraction of low speed electrons—168(A) 

Farrell, E. J. and N. E. Bradbury. Atmospheric potential 
gradient at exposed coastal stations—161(A) 

Feenberg, Eugene. Theory of nuclear surface energy—204 

Fink, G. A. Physics and “useful fiction" —173(A) 

Foldy, L. L. Vibrational spectrum of the potassium chloride 
crystal lattice—64(A) 

Forré, M. (see Barnéthy, J.)—154(L) 

Fowler, Robert Dudley (see Mitchell, John J.)—359(L) 

Freed, Simon and S. I. Weissman. Multipole nature of 
elementary sources of radiation—wide-angle interference 
—440 

Friedlander, G. (see Wu, C. S.)—747(L) 

Frye, William E. Determination of the atomic field of 
bromine from electron scattering —586 


Garth, Robert C. (see Moore, George E.)—216 

—— and George E. Moore. Studies of the afterglow in 
mercury vapor. I. Intensity pressure relations—208 

Gerjuoy, Edward. Interference in the Zeeman effect of 
forbidden lines—233 
— and Julian Schwinger. ‘lheory of light nuclei—158(A) 

Germer, L. H. and Addison H. White. Electron diffraction 
studies of thin films. II. Anomalous powder patterns 
produced by small crystals—447 

Geré, L. and R. F. Schmid. Vibrational analysis of CD 
and CH bands in the region of 2260-2500A—363(L) 

- and R. F. Schmid. Isotope effect in the predissocia 

tion phenomena of the CH and CD molecules—911(L) 

Gill, P. S. Azimuthal variations of cosmic radiation for 60° 
zenith angle at 22° latitude—153(L) 

Goetz, A. (see Dember, A.)—162(A) 

Goetz, Z. (see Harris, F. S., Ir.)—162(A) 

Goldhaber, M. and R. D. O’Neal. Slowing down of low 
energy neutrons in water—834(L) 

Goldstein, La. (see Moussa, A.)—534(L) 

Good, Walter A. Rigidity modulus of beta-brass single 
crystals—605 

Goodman, Clark and Dean C. Picton. .\utoradiography of 
ores—688(L) 

Gorter, C. J. On the gyromagnetic effects in ferromag- 
netic substances—836(L) 

Grahame, David C. and Harold J. Walke. Preparation and 
properties of long-lived radio-chlorine—909(L ) 

Graves, Alvin C. (see Broussard, Leo) —413(L) 

Green, A. E. S. (see DuMond, J. W. M.)—163(A) 

Green, J. B. Paschen-Back effect. VII. The reality of the 
distant components—343 

Green, Milton. Spectra of Cd IV, In V and Sn VI in the 
isoelectric sequence Rh I to Sn VI—117 

Greenfield, M. A. Problem of energy production in red 
giants—175 

Gregory, Chris. Resonance broadening of homogeneous 
caesium vapor in absorption—164(A) 


Gross, B. (see Silva, H.)—684 





916 AUTHOR 


Gumbel, E. J. Limiting form of Poisson's distribution— 
689(L) 

Guth, Eugene and Charles J. Mullin. Temperature de- 
pendence of the periodic deviations from the Schottky 
line—535(L) 

Guthrie, A. Energies of gamma-rays from Ni®, Mn, Zn®, 
Ga"—746(L) 


Halliday, E. C. Thundercloud as a source of penetrating 
particles—101 

Hamilton, Donald R. Angular distribution of y-quanta 
emitted following B-decay—168(A) 

Hardy, T. C. and S. Millman. Nuclear spin and magnetic 
moment of In'8’—167(A) 

Harris, F. S., Jr., A. Goetz and R. L. Tracy. Carbon carrier 
of oligodynamically active silver for water disinfection— 
162(A) 

Harrison, George R. (see Rosen, Nathan)—722 

Hartree, D. R. (see Hartree, W.)—857 

Hartree, W., D. R. Hartree and Millard F. Manning. 
Self-consistent field, with exchange, for Si IV and Si V— 
857 

Harworth, Keith and Paul Kirkpatrick. Relative intensities 
in the nickel continuous x-ray spectrum—163(A) 

Hay, Robert Henderson. Nuclear magnetic moments of C!’, 
Ba!5 and Ba!*”—75 

Healea, Monica and Charlotte Houtermans. Effect of tem- 
perature on the secondary electron emission from nickel 
—154(L) 

Helmholz, A. C. Energy and multipole order of nuclear 
gamma-rays—415 

—— Long-lived radioactive Cd from deuteron bombard- 
ment of Ag—160(A) 

(see Alvarez, L. W.)—160(A) 

Henderson, W. J. (see Doran, R. L.)—411(L) 

Hess, Victor F. and F. A. Benedetto. Mesotron variation 
with upper air temperatures—610 

and Edward B. Berry, S.J. Cosmic rays and the mag- 
netic disturbance of September 18, 1941—746(L) 

Heydenburg, N. P. and N. F. Ramsey. Scattering of one- 
to three-Mev protons by helium—42 

Hilberry, Norman. Extensive cosmic-ray showers and the 
energy distribution of primary cosmic rays—1 

Hillier, James. Discussion of the fundamental limit of per- 
formance of an electron microscope—743 

Horn, F. H. (see Brucksch, W. F., Jr.)—170(A) 

Houtermans, Charlotte (see Healea, Monica)—154(L) 

Huber, O., O. Lienhard, P. Scherrer and H. Wéiffler. 
Nuclear photo-effect on sulphur, aluminum, and mag- 
nesium—910(L) 

Hudson, G. G. (see Loeb, L. B.)—714 

Hudspeth, Emmett L. (see Danforth, W. E.)—170(A) 

Hughes, A. L. and T. Enns. Velocities of electrons in hydro- 
carbon bonds—345 

Hughes, Donald J. Cloud-chamber photograph of slow 
mesotron pair—414(L) 

Hull, D. E. and Herman Seelig. Half-life of iodine (128)— 
553 

Humphreys, R. F. and W. W. Watson. Protons from deu- 
teron bombardment of C'*—542 











INDEX 


—— and Sidney Siegel. Young's modulus of NaCl near 
the melting point—171(A) 


Inglis, D. R. Alpha-model of nuclear structure, and nuclear 
moments—837 

Iona, Mario, Jr. On the distribution of lattice vibrations of 
the KCI crystal—822 

Iwanenko, D. and A. Sokolow. Dipole character of the 
meson, and the difficulties of meson theory—277 


Jenkins, F. A. and S. Mrozowski. Zeeman effect of the 
forbidden lines of Pb I. II. An interference effect in the 
mixed line, A 7330—225 

Jensen, Arthur S. Radiations from radioactive cobalt—430 

Johnson, Vivian A. Correction for nuclear motion in H.+— 
373 

Johnson, W. E. (see Farnsworth, H. E.)—168(A) 

Jordan, E. B. Mass differences of the fundamental doublets 
used in the determination of the isotopic weights C!? and 
N'4—710 

Jupnik, H. Photoelectric properties of bismuth—884 


Kamen, Martin D. Production and isotopic assignment of 
long-lived radioactive sulfur—537 

Kanne, W. R. (see Ragan, G. L.)—628 

Kaplan, Joseph and Sidney M. Rubens. New spectra in 
nitrogen—163(A) 

Kapitza, P. L. Heat transfer and superfluidity of helium 
II—354 

Karash, W. J. (see Kenty, Carl)—66(A) 

Kaufmann, A. R. (see Bitter, F.)—134 

(see Rado, G. T.)—336 

Kenty, Carl and W. J. Karash. Determination of mercury 
arc temperatures by x-rays—66(A) 

Kerst, D. W. Acceleration of electrons by magnetic induc- 
tion—47 

—— and R. Serber. Electronic orbits in the induction ac- 
celerator—53 

Kimura, M. On the resonance level of Hg at negative 
energy —688(L) 

King, L. D. P. (see Elliott, D. R.)—489 

Kip, A. F. (see Loeb, L. B.)—714 

Kirkpatrick, Paul (see Harworth, Keith)—163(A) 

(see Smick, Edward)—162(A) 

Knauss, Harold P. Motion of the walls of a cornet—65(A) 

Knipp, J. K. (see Brunings, J. H. M.)—657 

Koehler, J. S. On the dislocation theory of plastic deforma- 
tion—397 

Konopinski, E. J. and G. E. Uhlenbeck. On the Fermi 
theory of 8-radioactivity. II. The “forbidden” spectra— 
308 

Kramers, H. A. and G. H. Wannier. Statistics of the two- 
dimensional ferromagnet. Part I—252; Part II—263 

Kurbatov, J. D. (see Allen, J. S. V.)—155(L); 425 

(see Weimer, Paul K.)—469(L) 

Kusaka, Shuichi. 8-decay with neutrino of spin 3/2—61(L) 

Latitude effect of primary cosmic-ray intensity— 
159(A) 

Kusch, P. (see Millman, S.)—91 

Kyropoulos, S. Diffusion in alloys and mechanical strength 
—161(A) 























ZzE sf Be a 


= 








AUTHOR 


Labaw, L. W. Acoustic filtration in parallel conduit struc- 
tures—171(A) 

Ladenburg, Rudolf (see Wheeler, John A.)—754 

Lamb, W. E., Jr. Internal diamagnetic fields—817 

Landau, L. Theory of the superfluidity of helium II—356 

Landé, Alfred. Charge and mass of electronic particles— 
66(A) 

—— Finite self-energies in radiation theory. Part I—121 

and Llewellyn H. Thomas. Finite self-energies in 
radiation theory. Part II—514 

Lane, C. T. (see Browne, S. H.)—895; 899 

Lark-Horovitz, K. and R. E. Schreiber. Uranium fission 
with Li-D neutrons: energy distribution of the fission 
fragments—156(L) 

Lawson, A. W. Effect of stress on internal friction in poly- 
crystalline copper—330 

Lees, Wayne L. (see Ramsey, W. E.)—411(L) 

Libby, W. F. and R. Cornog. Vapor pressure determination 
of HTO and DTO—171(A) 

Liebermann, L. N. Rotational analysis of some CS: bands 
in the near ultraviolet system—496 

Lienhard, O. (see Huber, O.)—910(L) 

Lindsay, R. B. Optical filtration in stratified media—169(A) 

Little, Robert N. (see Dunlap, Henry F.)—693 

Livingood, J. J. and G. T. Seaborg. Radioactive isotopes 
of cobalt—913(L) 

Loeb, L. B., A. F. Kip, G. G. Hudson, and W. H. Bennett. 
Pulses in negative point-to-plane corona—714 

Lonsdale, K. and H. Smith. Temperature study of x-ray 
diffraction by diamond—617(L) 

Lui, Chung Kwai. Anomalous crystal photo-effect in d-tar- 
taric acid single crystals—529 

—— Crystal photo-effect in d-tartaric acid—160(A) 

Lyddane, R. H., F. T. Rogers, Jr. and F. E. Roach. 
Abundances of molecules in the solar reversing layer— 


281(L) 





Macelwane, Sister John Baptist, O.S.U. Investigation of 
the scattering of positive alkali ions at an angle of 90° in 
mercury vapor—762 

MacNair, D. (see Nix, F. C.)—320; 597 

Manning, Millard F. (see Hartree, W.)—857 

Margenau, H. and W. G. Pollard. Forces between neutral 
molecules and metallic surfaces—128 

Masumoto, H. and Y. Shirakawa. Change in the electric 
resistance of a single crystal of magnetite by magnetic 
field at low temperatures—835(L) 

Mayer, M. Goeppert. Rare-earth and transuranic elements 
—184 

McDonald, John C. Fe KS’ and K&; lines of FeS. and 
Fe,0;—912(L) 

McLaughlin, Dean B. Observations bearing on stellar 
collapse—62(L) 

McNally, J. Rand, Jr. (see Rosen, Nathan)—722 

Meitner, Lise. Resonance energy of the thorium capture 
process—58 

Metropolis, N. Structure of electronic bands of polyatomic 
molecules. I. Prolate approximation for X Y2 molecules— 
283 


INDEX 917 

Vibrational analysis of the absorption system of 
sulphur dioxide at 43400-2600—295 

Michels, Walter C. and A. L. Patterson. Special relativity 
in refraction media—589 

Miller, P. H., Jr. Electrical conductivity of zinc oxide—890 

Millman, S. (see Hardy, T. C.)—167(A) 

—— and P. Kusch. On the precision measurement of nu- 
clear magnetic moments by the molecular beam mag- 
netic resonance method. The moments of H!, Li’, F!*, and 
Na**—91 

Minakawa, O. Long-lived activity of rhodium—689(L) 

Mitchell, John J., Harrison S. Brown and Robert Dudley 
Fowler. On the isotopic constitution of cobalt—359(L) 

Moore, George E. (see Garth, Robert C.)—208 

—— and Robert C. Garth. Studies of the afterglow in 
mercury vapor. II. Spectral intensity distribution—216 

Moussa, A. and La. Goldstein. Radioactive bromine iso- 
topes from uranium fission—534(L) 

Mrozowski, S. On the *II,—*I1, bands of CO.*. Part I—730 

(see Jenkins, F. A.)—225 

Mulliken, Robert S. Correlation of energy levels of linear 
and bent triatomic molecules, and the ultraviolet CS. 
absorption spectrum—506 

Mullin, Charles J. (see Guth, Eugene)—535(L) 

Murphey, Byron F. (see Nier, Alfred O.)—112 








Neddermeyer, Seth H. (see Anderson, Carl D.)—160(A) 

Nelson, E. C. On the pseudoscalar mesotron theory of 
B-decay—830 

——and J. R. Oppenheimer. Multiple production of 
mesotrons by protons—159(A) 

Nielsen, Carl E. Energy spectrum of H* 8-rays—160(A) 

Nielsen, Harald H. Vibration-rotation energies of poly- 
atomic molecules—794 

Nier, Alfred O., Robert W. Thompson and Byron F. 
Murphey. Isotopic constitution of lead and the measure- 
ment of geological time. I1I—112 

Nilakantan, P. (see Raman, C. V.)—63(L) 

Nix, F. C. and D. MacNair. Dilatometric study of the order- 
disorder transformation in Cu-Au alloys—320 

—— and D. MacNair. Thermal expansion of pure metals: 
copper, gold, aluminum, nickel, and iron—597 


O’Brien, David F., S. J. (see Weber, Alfred H.)—574 

O’Connor, J. J., C. Beck, and N. Underwood. Magnetic 
rotary power of crystalline nickel sulfate in the ultra- 
violet region—173(A), 443 

Ogata, K. (see Okuda, T.)—690(L) 

Okuda, T. and K. Ogata. Isotopic weights of sulphur and 
titanium—690(L) 

Oleson, F. B. and C. E. Bennett. Molar refraction of carbon 
dioxide as a function of density—171(A) 

Oleson, N. L., K. T. Chao and H. R. Crane. Multiple scat- 
tering of fast electrons—378 

Olsen, Leonard O. Quenching and depolarization of mer- 
cury resonance radiation by the rare gases—739 

(see Ellett, A.)—107 

O’Neal, R. D. Note on the beta-ray energy of H*—359(L) 

(see Goldhaber, M.)—834(L) 











918 AUTHOR 


Oppenheimer, J. R. Internal conversion in photosynthesis 
—158(A) 
- On the internal pairs from oxygen—164(A) 
— (see Christy, R. F.)—159(A) 
— (see Nelson, E. C.)—159(A) 
——and Julian Schwinger. On the interaction of meso- 
trons and nuclei—150 


Page, Leigh. Magnetic moments at high frequencies—675 

Pan, S. T. (see Bitter, F.)—134 

Pancini, E. (see Bernardini, G.)—535(L); 910(L) 

Panofsky, W. K. H. (see DuMond, J. W. M.)—163(A) 

Parker, W. L. (see Phillips, L. W.)—301 

Patterson, A. L. (see Michels, Walter C.)—589 

Penther, C. J. (see Pompeo, D. J.)—161(A) 

Pepinsky, R. X-ray diffraction analyses of calcium salts in 
gallstones—168(A) 

Perkins, H. A. and H. D. Doolittle. Increase of residual 
magnetism caused by a current flowing through an iron 
bar—811 ’ 

Petersen, Raymond (see Ellett, A.)—107 

Phillips, L. W. and W. L. Parker. Spectra of argon in the 
extreme ultraviolet—301 

Phillips, M. On electronic g factors for alkali atoms—100 

Piccioni, O. (see Bernardini, G.)—910(L) 

Picton, Dean C. (see Goodman, Clark)—688(L) 

Placzek, G. Diffusion of thermal neutrons—166(A) 

Platt, J. R. and R. A. Sawyer. New classifications in the 
spectra of Au I and Au II—866 

Pollard, W. G. Exchange forces between neutral molecules 
and a metal surface—578 

—— (see Margenau, H.)—128 

Pomeranchuk, I. On the thermal conductivity of dielectrics 
—820 

Pompeo, D. J. and C. J. Penther. Direct pen recording of 
galvanometer deflections—161(A) 

Pool, M. L. (see Allen, J. S. V.)—155(L), 425 

—— (see Weimer, Paul K.)—469(L) 

Powell, Wilson M. Production of mesotrons by ionizing 
radiation—413(L) 

Present, R. D. Note on nuclear radii—28 


Quigley, Thomas H. Velocity of sound in gases at tem- 
peratures below the ice point—173(A) 
Quill, L. L. (see Allen, J. S. V.)—155(L), 425 


Rado, G. T. and A. R. Kaufmann. Absolute saturation 
magnetization of nickel-antimony and nickel-tantalum 
alloys—336 

Ragan, G. L., W. R. Kanne, and R. F. Taschek. Scattering 
of protons by protons from 200 to 300 kev—628 

Ramaiya, D. S. Subba (see Rao, B. V. Raghavendra)— 
615(L) 

Raman, C. V. and P. Nilakantan. Classical and quantum 
reflections of x-rays—63(L) 

Ramsey, N. F. (see Heydenburg, N. P.)—42 

Ramsey, W. E. and Wayne L. Lees. Further confirmation of 
the Montgomery theory of counter discharge—411(L) 

Rao, B. V. Raghavendra and D. S. Subba Ramaiya. Ex- 
planation of the diminished acoustic velocity in fluids at 
high frequencies—61 5(L) 





INDEX 


Rao, M. Rama. On a magneto-acoustic effect—156(L) 

Rarita, William and Julian Schwinger. On a theory of 
particles with half-integral spin—61(L) 

Rasetti, Franco. Disintegration of slow mesotrons—198 

Reid, Curtis. Infra-red reflectivities of nickel at high tem- 
peratures—161(A) 

Richards, H. T. Angular distribution of the d-d neutrons— 
167(A) 
— (see Bonner, T. W.)—167(A) 

Richardson, J. Reginald. Gamma-radiation from long-lived 
vttrium—188 

Roach, F. E. (see Lyddane, R. H.)—281(L) 

Roberts, Arthur, J. R. Downing and M. Deutsch. Study of 
the radiations from the disintegration of Br**—544 
— (see Deutsch, Martin)—362(L) 
— (see Downing, J. R.)—470(L) 

Roe, Glenn M. Transport cross sections of monatomic gas 
mixtures—468(L) 

Rogers, F. T. Jr. (see Lyddane, R. H.)—281(L) 

Rogozinski, Anatole. Determination of the residual cur- 
rent of an ionization chamber and the true conductivity 
of dielectric liquids—148 

Rosen, Nathan, George R. Harrison, and J. Rand McNally, 
Jr. Zeeman effect data and preliminary classification of 
the spark spectrum of praseodymium—Pr II—722 

Rozental, S. Meson lifetime and radioactive 8-decay—612 

Rubens, Sidney M. (see Kaplan, Joseph)—163(.A) 

Rupp, W. E. (see Strough, R. I.)—65(A) 

Russell, Henry Norris, Walter Albertson, and Dorothy 
N. Davis. Spark spectrum of europium, Eu II—641 


Sachs, R. G. and E. Teller. Scattering of slow neutrons by 
molecular gases—18 

Saunderson, J. L. and O. S. Duffendack. Scattering of 
electrons from RaE by thin metal foils—190 

Sawyer, R. A. (see Platt, J. R.)—866 

Saxl, Erwin J. Visualizing airflow—171(.\) 

Scherrer, P. (see Huber, O.)—910(L) 

Schiff, L. I. Degenerate non-ideal gases and liquid helium 
—362(L) 

—— Total atomic scattering cross sections for fast electrons 
—174(A) 

Schmid, R. F. (see Geré, L.)—363(L); 911(L) 

Schneider, Edwin G. Absorption of alkali halides in the 
extreme ultraviolet—169(A) 

Schoenberg, Mario. On the theory of integer spin mesons 
—468(L) 

Schreiber, R. E. (see Lark-Horovitz, K.)—156(L) 

Schwinger, Julian. On the charged scalar mesotron field— 
159(A) 

—— Quadrupole moment of the deuteron and the range 
of nuclear forces—164(A) 
— (see Gerjuoy, Edward)—158(A) 

(see Oppenheimer, J. R.)—150 

—— (see Rarita, William)—61(L) 

Seaborg, G. T. (see Livingood, J. J.)—913(L) 

Seelig, Herman (see Hull, D. E.)—553 

Serber, R. (see Kerst, D. W.)—53 

Shan, Hu Chien. Energy spectrum of the primary cosmic 
rays—614(L) 











rT i, —. 7 


wh 


T 





of 


1e€ 














AUTHOR 


Shankland, Robert S. and Richard H. Blythe. Harmonic 
analysis of Geiger counter pulses—64(A) 

Sheng, Hsi-yin, E. F. Barker and D. M. Dennison. Further 
resolution of two parallel bands of ammonia and the 
interaction between vibration and rotation—786 

Sheppard, Glenn E. and J. D. Stranathan. Effect of pres- 
sure on the surface charge of an electret—360(L) 

Sherr, R., K. T. Bainbridge and H. H. Anderson. Transmu- 
tation of mercury by fast neutrons—473 

Shirakawa, Y. (see Masumoto, H.)—835(L) 

Sibaiya, L. Absence of electronic Raman effect—471(L) 

Siegel, Sidney (see Hunter, Lloyd)—171(A) 

Silva, H. and B. Gross. Some measurements on the validity 
of the principle of superposition in solid dielectrics—684 

Simon, Ralph. Turbulent flow of argon in a hot-wire Clusius 
and Dickel column—172(A) 

Smick, Edward and Paul Kirkpatrick. Absolute intensity 
determination in the continuous x-ray spectrum of 
nickel—162(A) 

Smith, Gail P. (see Cork, J. M.)—480 

Smith, H. (see Lonsdale, K.)—617(L) 

Smoluchowski, R. Anisotropy of the electronic work func- 
tion of metals—661 

—— Remarks on the volume magnetostriction of nickel— 
249 

Sokolow, A. (see Iwanenko, D.)—277 

Solomon, A. K. Half-life of C'—279(L) 

Spencer, R. C. Optimum design of physical apparatus 
172(A) 

Starr, C. Paramagnetic dispersion measurements at 77.3°K 
—241 

Steigman, Joseph. Mechanism of the sodium coulometer 
157(L) 

—— (see Bitter, F.)—134 

Stephenson, S. T. Extended x-ray absorption fine structure 
in solutions—163(A) 

Stever, H. G. Circuit independence of charge in fast counter 
pulses—160(A) 

Stranathan, J. D. (see Dodds, Wellesley ].)—360(L) 

(see Sheppard, Glenn E.)—360(L) 

Stern, Alexander W. Neutrino concept—173(A) 

Straley, Joseph W. Absorption bands of GeH, and SiH, 
in the near infra-red—65(A) 

Strong, John (see Summerfield, Martin)—162(A) 

Strough, R.I.and W.E. Rupp. Studies of metallic friction 
—65(A) 

Summerfield, Martin and John Strong. Dependence of 
band absorption on pressure—162(A) 

Swann, W. F. G. Consequences of the assumption of a 
single primary component in the cosmic radiation 
170(A) 

— Cosmic-ray latitude effect and the single primary 
component hypothesis—470(L) 





Taschek, R. F. (see Ragan, G. L.)—628 

Teller, Edward (see Brunings, J. H. M.)—657 

—— (see Critchfield, Charles L.)—10 

—— (see Sachs, R. G.)—18 

Tcheng, Da-Tchang and Jeng-Tsong Yang. Absorption 
coefficient of B-rays—616(L) 











INDEX 919 

Thaxton, H. Mack. Scattering of protons from 200 to 300 
kev—173(A) 

Thomas, Llewellyn H. (see Landé, Alfred) —514 

Thompson, Robert W. (see Nier, Alfred O.)—112 

Thosar, B. V. Polarization of luminescence of ruby—616(L) 

Tindal, C. H. Observation of ‘‘forbidden" bands in the 
infra-red—65(A) 

Tomboulian, D. H. and Willoughby M. Cady. L radiation 
from sulphur—551 

Tomlinson, E. P. Nuclear electron pairs from O'—159(A) 

Townes, C. H. Theory of cathode sputtering in low voltage 
glow discharges—171(A) 

Trabacchi, G. C. (see Ageno, M.)—67 

Tracy, R. L. (see Harris, F. S., Jr.)—162(A) 


Uhlenbeck, G. E. (see Konopinski, E. J.)—308 
Underwood, N. (see O'Connor, J. J.)—173(A), 443 


Valley, G. E.—Internal conversion in mercury—167(A) 
Voigt, Adolf F. (see Fajans, Kasimir)—533(L), 619, 626 


Wiaffier, H. (see Huber, O.)—910(L) 

Walbridge, N. L. Average energy required to produce an 
ion pair in xenon with 0.16A x-rays—852 

Walke, Harold J. (see Grahame, David C.)—909(L) 

Wannier, G. H. (see Kramers, H. A.)—252, 263 

Watson, W. W. (see Humphreys, R. F.)—542 

Watt, B. E. (see Bennett, W. E.)—167(A) 

Weber, Alfred H. and Louis J. Eisele, S. J. Note on the 
photoelectric threshold of bismuth films of measured 
thickness—570 
— and David F. O’Brien, S. J. Electrical conductance 
and photoelectric emission of thin bismuth films—574 

Weil, G. L. 8-spectra of some uranium fission products 
167(A) 

Weimer, David K. Some observations on an a.c. resonant 
pendulum—65(A) 

Weimer, Paul K., J. D. Kurbatov, and M. L. Pool. Radio- 
active argon A” —469(L) 

Weisskopf, V. F. and L. W. Apker. On the theory of the 
photo-effect in semi-conductors—170(A) 

Weissman, S. I. (see Freed, Simon)—440 

Wergeland, Harald. Meson theory and nuclear forces 
835(L) 

Wheeler, John A. and Rudolf Ladenburg. Mass of the 
meson by the method of momentum loss—754 

Whitaker, Martin D. and William C. Bright. On the for- 
ward scattering of neutrons by paramagnetic media 
280(L) 

——and William C. Bright. Total and scattering cross 
sections for slow neutrons—155(L) 

White, Addison H. (see Germer, L. H.)—447 

Wick, G. C. (see Bernardini, G.)—535(L); 910(L) 

Wigner, Eugene P. (see Critchfield, Charles L.)—412(L) 

Wilkins, T. R. Scattering of protons by magnesium and 
aluminum—365 

Wilson, Robert R. Range and ionization measurements on 
high speed protons—749 

Winans, J. G. Selection rule for collisions of the second 
kind—169(A) 











920 ANALYTIic 


Witcher, Clifford M. Electron lens type of beta-ray spec- 
trometer—32 

Witmer, Enos E. Physical theory and a monistic conception 
of the universe—173(A) 

Wollan, E. O. Mesotron shower—532(L) 

Wright, B. T. (see Alvarez, L. W.)—160(A) 

Wright, R. W. Positive and negative thermionic emission 
from molybdenum—465 

Wu, C. S. and G. Friedlander. Radioactive isotopes of 
mercury—747(L) 


Yang, Jeng-Tsong (see Tcheng, Da-Tchang)—616(L) 
Young, Louis B. Heat transfer across horizontal air spaces 
—65(A) 


SUBJECT 





INDEX 


Young, R. T., Jr. Latitude effect and the decay of mesotrons 
—614(L) 


Zacharias, Jerrold R. Nuclear spin and magnetic moment 
of K*°—168(A) 

Zachariasen, W. H. On the theory of temperature diffuse 
scattering—691 (L) 

Zener, Clarence. Theory of the elasticity of polycrystals 
with viscous grain boundaries—906 

—— Theory of internal friction introduced by cold working 
—455 

Ziegler, W. T. (see Brucksch, W. F., Jr.)—170(A) 

Zlotowski, Ignacy. Microcalorimetric determination of the 
mean energy of 8-rays from radium E—483 





Analytic Subject Index to Volume 60 


References with (A) are to abstracts of papers presented at meetings of the American Physical Society. References with 
(L) are to Letters to the Editor. 


Absorption and reflection of light (see also Spectra, ab- 
sorption) 
Internal conversion in photosynthesis, J. 
heimer—158(A) 
Acoustics 
Diminished acoustic velocity in fluids at high frequencies, 
B. V. Raghavendra Rao, D. S. Subba Ramaiva— 
615(L) 
Filtration in parallel conduit structures, L. W. Labaw— 
171(A) 
Magneto-acoustic effect in liquids, M. Rama Rao— 
156(L) 
Motion of walls of cornet, H. P. Knauss—65(A) 
Velocity of sound in gases, T. H. Quigley—173(A) 
Afterglow 
In Hg vapor, intensity, R. C. Garth, G. E. Moore—208, 
216 
Astrophysics 
Energy production in red giants, M. A. Greenfield—175 
Molecules in solar reversing layer, R. H. Lyddane, F. T. 
Rogers, Jr., F. E. Roach—281(L) 
Observations on stellar collapse, D. B. McLaughlin— 
62(L) 
Atmospheric electricity (see Meteorology) 
Atomic mass (see Isotopes) 
Atomic structure (see also Spectra, atomic) 
Atomic field of Br from electron scattering, W. E. Frye— 
586 
Self-consistent field for Si IV and Si V, W. Hartree, 
D. R. Hartree, M. F. Manning—857 
Transuranic rare-earth elements, M. Goeppert Mayer— 
184 


R. Oppen- 


Biophysics 
Photosynthesis, internal conversion, J. R. Oppenheimer 
—158(A) 
Silver for water disinfection, F. S. Harris, Jr., A. Goetz, 
R. L. Tracy—162(A) 


X-ray analyses of gallstones, R. Pepinsky—168(A) 


Collisions of second kind 
Selection rule, J. G. Winans—169(A) 
Conductivity, electrical (see Electrical conductivity; Dis- 
charge of electricity in gases) 
Constants, physical, standards 
Charge and mass of electronic particles, A. Landé—66(A) 
Values of R and e/m, R. T. Birge—766 
Cosmic radiation 
Azimuthal variations, P. S. Gill—153(L) 
Cloud chamber, C. D. Anderson, S. H. Neddermeyer— 
160(A) 
Disintegration of slow mesotrons, F. Rasetti—198 
Distribution of primary rays, N. Hilberry—1 
Electric fields in space, F. Evans—911(L) 
Energy spectrum, Hu Chien Shan—614(L) 
h/e; short wave-length limit, J. W. M. DuMond, 
W. K. H. Panofsky, A. E. S. Green—163(A) 
High energy soft component, R. F. Christy, J. R. 
Oppenheimer—159(A) 
Latitude effect, Shuichi Kusaka—159(A) 
Latitude effect, decay of mesotrons, R. T. Young, Jr.— 
614(L) 
Magnetic storm, V. F. Hess, E. B. Berry, S. J.—746(L) 
Mesotron lifetime, G. Bernardini, B. N. Cacciapuoti, 
E. Pancini, O. Piccioni, G. C. Wick—910(L) 
Mesotron shower, E. O. Wollan—532(L) 
Mesotron variation with air temperatures, V. F. Hess, 
F. A. Benedetto—610 
Positive excess in mesotron spectrum, G. Bernardini, 
G. C. Wick, M. Conversi, E. Pancini—535(L) 
Presence of strongly ionizing particles, G. Cocconi— 
533(L) 
Production of mesotrons, W. M. Powell 
Protonic nature, G. Cocconi—532(L) 
Second maximum of Rossi curve, L. Broussard, A. C. 
Graves—413(L) 





413(L) 























ANALYTIC 


» Showers in heavy elements, H. C. Corben—435 

Single primary component, W. F. G. Swann—170(A), 
470(L) 

Thundercloud as source of particles, E. C. Halliday—101 

Crystalline state 

Diffusion in alloys, S. Kyropoulos—161(A) 

Electrical conduction and crystallization phenomena in 
thin films, E. L. Armi—162(A) 

Forces between molecules and surfaces, H. Margenau, 
W. G. Pollard—1i28; W. G. Pollard—578 

Infra-red reflectivities of nickel, C. Reid—161(A) 

Lattice vibrations of KCI, M. Iona, Jr.—822 

Luminescence of ruby, B. V. Thosar—616(L) 

Mg crystals, properties at low temperatures, A. Dember, 
A. Goetz—162(A) 

Magnetic properties of Cu-Fe, F. Bitter, A. R. Kauf- 
mann, C. Starr, S. T. Pan—134 

Order-disorder transformation in Cu-Au alloys, F. C. 
Nix, D. MacNair—320 

Photo-effect in d-tartaric acid, Chung Kwai Lui—160(A), 
529 

Polymorphic transitions of seventeen elements to 100,000 
kg/cm?, P. W. Bridgman—351 

Stress and internal friction, A. W. Lawson—330 

Vibrational spectrum of KCl lattice, L. L. Foldy—64(A) 


Dielectric constants (see Dielectrics and dielectric proper- 
ties) 
Dielectrics and dielectric properties 
Correlations. Transient currents, R. H. Cole—172(A) 
Electrets from dry-mixed components, W. J. Dodds, J. 
D. Stranathan—360(L) 
Superposition in solid dielectrics, H. Silva, B. Gross—684 
Surface charge of electret; effect of pressure, G. E. Shep- 
pard, J. D. Stranathan—360(L) 
Diffraction of electrons (see Electron diffraction) 
Diffusion (see also Thermal diffusion) 
Of thermal neutrons, G. Placzek—166(A) 
Discharge of electricity in gases 
Counter discharge, theory of, W. E. Ramsey, W. L. Lees 
—411(L) 
Hg arc temperatures by x-rays, C. Kenty, W. J. Karash 
—66(A) 
Pulses in corona, L. B. Loeb, A. F. Kip, G. G. Hudson, 
W. H. Bennett—714 
Theory of cathode sputtering, C. H. Townes—171(A) 
Disintegration and excitation of nucleus (see also Radio- 
activity) 
a-particles, Li7-H reaction, C. L. Critchfield, E. Teller 
—10 
Angular distribution, d-d neutrons, H. T. 
167(A) 
y-ray from Li+H?, T. W. Bonner, H. 
167(A) 
y-rays from Na bombarded by H!, R. L. Burling—340 
Neutrons and £-rays from Li+H?, W. E. Bennett, B. E. 
Watt—167(A) 
Photo-disintegration of S and Al, O. Huber, O. Lienhard, 
P. Scherrer, H. Waffler—910(L) 


Richards— 


T. Richards— 


SUBJECT 


INDEX 921 

Protons from C'’, R. F. Humphreys, W. W. Watson— 
542 

Th capture of neutrons, L. Meitner—58 

Of Y (100-day period), J. R. Downing, M. Deutsch, 
A. Roberts—470(L) 


Elasticity 
Compression of seventeen elements to 100,000 kg/cm?, 
P. W. Bridgman—351 
Dislocation theory of plastic deformation, J. S. Koehler 
—397 
Internal friction, cold working, C. Zener—455 
Moduli of NaCl near melting, L. Hunter, S. Siegel 
171(A) 
Polycrystals with viscous boundaries, C. Zener—906 
Rigidity modulus of beta-brass crystals, W. A. Good 
605 
Strength of bearing alloys, S. Kyropoulos—161(A) 
Electrical conductivity and resistance (see also Photo- 
conductivity) 
Of Bi film, A. H. Weber, D. F. O’Brien, S. J].—574 
Of dielectric liquids, A. Rogozinski—148 
Of films and fine wires of superconductors, W. F. 
Brucksch, Jr., W. T. Ziegler, F. H. Horn, D. H. 
Andrews—170(A) 
Mechanism of sodium coulometer, J. Steigman—157(L) 
Of Pb in thin films, E. L. Armi—162(A) 
Of single magnetite crystal, effect of magnetic field, 
H. Masumoto, Y. Shirakawa—835(L) 
Of ZnO, P. H. Miller, Jr.—890 
Electromagnetic theory 
Electronic orbits in induction accelerator, D. W. Kerst, 
R. Serber—53 
Electron diffraction 
Fine structure, low speed electrons, H. E. Farnsworth, 
W. E. Johnson—168(A) 
Thin films, anomalous powder patterns, L. H. Germer, 
A. H. White—447 
Electrons, secondary 
Effect of temperature, M. Healea, C. 
154(L) 
Elements 
Transuranic rare-earth elements, M. Goeppert Mayer 


184 


Houtermans 


Field theory 
Electrical conductance of Bi film, A. H. Weber, D. F. 
O'Brien, S. J.—574 
Gas layer on Ag surface, A. G. Emslie—458 
Films, properties of 
Of Pb at low temperatures, E. L. Armi—162(A) 
Photoelectric threshold of Bi films, A. H. Weber, L. J. 
Eisele, S. J.—570 
Fission of nucleus 
8-spectra of fission products, G. L. Weil—167(A) 
Br isotopes from U fission, A. Moussa, La. Goldstein 
534(L) 
Energy distribution of fragments, K. 


R. E. Schreiber—156(L) 


Lark-Horovitz, 





922 ANALYTIC 
Fission of nucleus (continued) 
Range-velocity relation for fission fragments, 
Boggild—827 
Of U by fast neutrons, M. Ageno, E. Amaldi, D. Boc- 
ciarelli, B. N. Cacciapuoti, G. C. Trabacchi—67 
Friction 
Metallic friction, R. 1. Strough, W. E. Rupp—65(A) 


J. K. 


Geophysics 
Earth’s internal magnetic field, W. M. Elsasser—159(\), 
876 
Measurement of geological time, A. O. Nier, R. W. 


Thompson, B. F. Murphey—112 
Gyromagnetization (see also Magnetic properties; Nuclear 
moments and spin) 
Electronic g factors for alkali atoms, M. Phillips—100 


Instruments (see Methods and instruments) 
Ionization by collision 
Of high speed protons, R. R. Wilson—749 
Momentum loss of heavy ions, J. H. M. Brunings, J. Kk. 
Knipp, E. Teller-—657 
Isotopes 
Of Co, J. J. Mitchell, H.S. Brown, R. D. Fowler—359(L) 
Of S and Ti, T. Okuda, K. Ogata—690(L) 
Weights of C' and N", E. B. Jordan—710 


Kinetic theory of gases 
Transport cross sections, G. M. Roe—468(L) 


Liquids (see also Hydrodynamics) 
Heat transfer and superfluidity of He II, P. L. Kapitza 
354 
Liquid He and degenerate non-ideal gas, L. I. Schiff— 
362(L) 
Theory of superfluidity of He II, L. Landau—356 
Logic of physics 
Principle of unobservable, H. M. Dadourian—172(.\) 


Magnetic fields 
Internal diamagnetic fields, W. E. Lamb, Jr.—817 
Unipolar magnetism, existence of, F. Ehrenhaft—169(A) 
Magnetic properties 
Of Sb; electron concentration, S. H. Browne, C. T. 
—895 
Of Sb-Sn alloys; temperature variation, S. H. Browne, 
C. T. Lane—899 
Earth’s internal magnetic field, W. M. Elsasser—159(A), 
876 
Of ferromagnetic suspensions, W. C. Elmore—593 
Gyromagnetic ratios, C. J. Gorter—836(L) 
dislocations, W. F. 


Lane 


Magnetization near saturation, 
Brown, Jr.—139 

Moments of sphere and cylinder at high frequencies, 
L. Page—675 

Paramagnetic dispersion of susceptibility, C. Starr—241 

Quenched Cu-Fe alloys, F. Bitter, A. R. Kaufmann, C. 
Starr, S. T. Pan—134 

Residual magnetism, -increase of, H. A. Perkins, H. D. 
Doolittle—811 


SUBJECT 





INDEX 


Saturation of Ni-Sb and Ni-Ta alloys, G. T. Rado, A. R. 
Kaufmann—336 
l'wo-dimensional ferromagnet, H. A. Kramers, G. H. 
Wannier—252, 263 
Volume magnetostriction of Ni, R. Smoluchowski—249 
Magnetostriction (see Magnetic properties) 
Mechanics, quantum—general 
Integer spin mesons, M. Schoenberg—468(L) 
Nuclear motion in H.*, V. A. Johnson—373 
Particles with half-integral spin, W. Rarita, J. Schwinger 
—61(L) 
Mesotrons 
8-decay, theory of, E. C. Nelson—830 
Cloud-chamber photograph of mesotron pair, D. J. 
Hughes—414(L) 
Decay of, R. T. Young, Jr.—614(L) 
Dipole character, D. Iwanenko, A. Sokolow—277 
Disintegration of, F. Rasetti—198 
Interaction with nuclei, J. R. Oppenheimer, J. Schwinger 
—150 
Lifetime and radioactive 8-decay, S. Rozental—612 
Lifetime at different elevations, G. Bernardini, B. N. 
Cacciapuoti, E. Pancini, O. Piccioni, G. C. Wick— 
910(L) 
Mass of, J. A. Wheeler, R. Ladenburg—754 
Mesotron shower, E. O. Wollan—532(L) 
Nuclear forces, H. Wergeland—835(L) 
Production by ionizing radiation, W. M. Powell—413(L) 
Production by protons, E. C. Nelson, J. R. Oppen- 
heimer—159(A) 
» Proper lifetime, J. Barnéthy, M. Forr6é—154(L) 
Scalar mesotron field, J. Schwinger—159(A) 
Meteorology 
Atmospheric potential gradient at coastal stations, E. J. 
Farrell, N. E. Bradbury—161(.\) 
Methods and instruments 
Automatic-recording vacuum spectrograph for infra-red, 
R. R. Brattain—164(A) 
Autoradiography of ores, C. Goodman, D. C. Picton— 
688(L) 
Bartol electrostatic generator, W. E. 
Hudspeth—170(A) 
83-ray spectrometer, electron lens type, C. M. Witcher— 
32 
Cloud chamber for cosmic-ray studies, C. D. Anderson, 
S. H. Neddermeyer—160(A) 
Counter discharge, theory of, W. E. Ramsey, W. L. Lees 
—411(L) 
Counters; charge and circuits, H. G. Stever—160(A) 
Diffusion of Na in glass, J. Steigman—157(L) 
Direct pen recording of deflections, D. J. Pompeo, C. J. 
Penther—161(A) 
Electronic orbits in induction accelerator, D. W. Kerst, 
R. Serber—53 
Gas analysis by infra-red absorption, R. R. Brattain, 
O. Beeck—161(A) 
Harmonic analysis of counter pulses, R. S. Shankland, 
R. H. Blythe—64(A) 
Hg arc temperatures by x-rays, C. Kenty, W. J. Karash 
—66(A) 


Danforth, E. L. 











ANALYTIC 


Interferometer dilatometer, F. C. Nix, D. MacNair—320 

Magnetic induction accelerator, D. W. Kerst—47 

Nuclear scattering camera, T. R. Wilkins—365 

Optimum design of apparatus, R. C. Spencer—172(.\) 

Performance of electron microscope, J. Hillier—743 

Poisson's distribution, E. J. Gumbel—689(L) 

Precision measurement of nuclear magnetic moments, 
S. Millman, P. Kusch—91 

Preparation of radio-chlorine, D. C. 
Walke—909(L) 

Resonant pendulum, D. K. Weimer—65(A) 

Silver for water disinfection, F. S. Harris, Jr., A. Goetz, 
R. L. Tracv—162(A) 

Single crystal faces of W, A. A. Brown—170(A) 

Theory of cathode sputtering, C. H. Townes—171(A) 

Visualizing airflow, E. J. Saxl—171(A) 

Molecular structure and constants (see also Spectra, 

molecular etc. and Raman spectra) 

Electronic bands, XY: molecules, N. Metropolis—283 

Energy levels of linear and bent triatomic molecules, 
R. S. Mulliken—506 

Velocities in hydrocarbon bonds, A. L. Hughes, T. Enns 
—345 

Vibrating-rotating polyatomic molecules, H. H. Nielsen 
—794 


Grahame, H. J. 


Neutrino (sce also Radioactivity; Scattering of electrons, 
neutrons and ions) 
Neutrino concept, A. W. Stern—173(A) 
Neutrons 
Angular distribution, d-d neutrons, H. T. 
167(A) 
Capture in Th, L. Meitner—58 
Diffusion of, G. Placzek—166(A) 
Interaction of slow neutrons with nuclei, H. Carroll— 
702 
Scattering by paramagnetic media, M. D. Whitaker, 
W. C. Bright—280(L) 
Slowing down in water, M. Goldhaber, R. D. O'Neal 
834(L) 
Slowing by elastic collisions, F. Adler—279(L) 
Nuclear moments and spin (see also Hyperfine structure) 
From alpha-model, D. R. Inglis—837 
Of C8, Ba! and Ba!*”, R. H. Hay—75 
Electronic g factors for alkali atoms, M. Phillips—100 
Of H', Li’, F*, and Na**; precision measurements, S. 
Millman, P. Kusch—91 
Of In", T. C. Hardy—167(A) 
Interaction between spin and molecular rotation, H. 
Brooks—168(A) 
Internal diamagnetic fields, W. E. Lamb, Jr.—817 
Of K®, J. R. Zacharias—168(A) 
Nuclear structure (see also Disintegration of nucleus; 
Energy states of nucleus) 
Alpha-model, D. R. Inglis—-837 
Meson theory, H. Wergeland—835(L) 
Nuclear motion in H.*, V. A. Johnson—373 
Nuclear radii and particle density, R. D. Present—28 
Nuclear surface energy, E. Feenberg—204 


Richards- 


SUBJECT 


INDEX 923 


Pair producing state of O'*, E. P. Tomlinson—159(A); 
J. R. Oppenheimer—164(A) 

Quadrupole moment of deuteron, J. Schwinger—164(A) 

Resonance level of Hg, M. Kimura—688(L) 

Theory of light nuclei, E. Gerjuoy, J. Schwinger—158(A) 


Optical constants and properties 

Of ferromagnetic suspensions, W. C. Elmore—593 

Filtration in stratified media, R. B. Lindsay—169(A) 

Infra-red reflectivities of nickel, C. Reid—161(A) 

Magnetic rotatory power of nickel sulfate, ]. J. O'Con- 
nor, C. Beck, N. Underwood—173(A), 443 

Photophoresis, L. Banet—169(A) 

Polarization of luminescence of ruby, B. V. 
616(L) 

Refraction of CO» as function of density, F. B. Oleson, 
C. E. Bennett—171(A) 

Special relativity in refracting media, W. C. Michels, 
A. L. Patterson—589 


Phosar 


Paschen-Back effect (see Zeeman effect) 
Philosophy of physics (see also Logic of physics) 
Monistic conception of universe, E. E. Witmer 
Physics as “useful fiction,”” G. A. Fink—173(A) 
Photo-conductivity 
In d-tartaric acid, Chung Kwai Lui—160(A), 529 
Photoelectric effect and properties; cells 
Of Bi, H. Jupnik—884 
Of Bi film, A. H. Weber, D. F. O’Brien, S. J.—574 
Theory of, in semi-conductors, V. F. Weisskopf, L. W. 
Apker—170(A) 
Threshold of Bi films, A. H. Weber, L. J. Eisele, S. J. 
570 
Photoionization 
Of Xe by x-rays, N. L. Walbridge—852 
Proceedings of the American Physical Society 
Ohio Section Meeting, March 29, 1941—64 
Pasadena, California, Meeting, June 18-20, 1941—158 
Providence, Rhode Island, Meeting, June 20-21, 1941 
166 


173(A) 


Radiation 
Finite self-energies in radiation theory, A. Landé—121; 
A. Landé and L. H. Thomas—514 
Modification of Planck's theory, S. R. Cook 
173(A) 
Multipole nature of radiation, wide-angle interference, 
S. Freed, S. I. Weissman—440 
Radioactivity (see also Disintegration of nucleus) 
Absorption coefficient of 8-rays, Da-Tchang Tcheng, 
Jeng-Tsong Yang—616(L) 
Angular distribution of y-quanta, D. R. 
168(A) 
Antisymmetrical interaction in 8-decay, C. 
field, E. P. Wigner—412(L) 
Of A”, P. K. Weimer, J. D. Kurbatov, M. L. Pool 
469(L) 
Autoradiography of ores, C. Goodman, D. C. Picton 
688(L) 
Of Ba from Cs, J. M. Cork, G. P. Smith-—480 


164(A), 


Hamilton 


L. Critch- 








924 ANALYTIC SUBJECT INDEX 


Radioactivity (continued) 

8-decay, neutrino of spin 3/2, Shuichi Kusaka—61(L) 

B-ray energy of H’, R. D. O’Neal—359(L) 

B-ray spectrometer, electron lens type, C. M. Witcher 
—32 

8-spectra of fission products, G. L. Weil—167(A) 

Of Br®?, A. Roberts, J. R. Downing, M. Deutsch—544 

Br isotopes from U fission, A. Moussa, La. Goldstein— 
534(L) 

Of Cd from Ag (d,2n)Cd, A. C. Helmholz—160(A) 

Of Co, J. J. Livingood, G. T. Seaborg—913(L) 

Energies of y-rays, A. Guthrie—746(L) 

Energy and multipole order of y-rays, A. C. Helmholz— 
415 

Extension of series, Z=N+1, D. R. Elliott, L. D. P. 
King—489 

Fermi theory of 8-radioactivity, E. J. Konopinski, G. E. 

~ Uhlenbeck—308 

y-radiation from Y, J. R. Richardson—188 

y-ray energies from Br®?, ['3!, [', Mn5*, Mn, As?4, 
M. Deutsch, A. Roberts—362(L) 

Half-life of C", A. K. Solomon—279(L) 

Half-life of [', D. E. Hull, H. Seelig—553 

H? £-rays, energy spectrum, C. E. Nielsen—160(A) 

Of Hg isotopes, C. S. Wu, G. Friedlander—747(L) 

Internal conversion in Hg, G. E. Valley—167(A) 

Of Kr and Xe, E. P. Clancy—87 

Of Pb isotopes, K. Fajans, A. F. Voigt—626 

Pb from U; isotopic constitution, A. O. Nier, R. W. 
Thompson, B. F. Murphey—112 

Mean energy of 8-rays from Ra E, I. Zlotowski—483 

Mesotron theory of 8-decay, E. C. Nelson—830 

New reactions in Ni, R. L. Doran, W. J. Henderson— 
411(L) 

Of products from transmutation of Hg, R. Sherr, K. T. 

Bainbridge, H. H. Anderson—473 

Radiations from Co, A. S. Jensen—430 

Radiochemistry of Eu, K. Fajans, A. F. Voigt—533(L) 

Radio-chlorine, properties of, D. C. Grahame, H. J. 
Walke—909(L) 

Recoil from K capture, L. W. Alvarez, A. C. Helmholz, 
B. T. Wright—160(A) 

Of Rh, O. Minakawa—689(L) 

Of S, production and isotopic assignment, M. D. Kamen 
—537 

Of Tl, Pb and Bi, K. Fajans, A. F. Voigt—619 

Of Ti*, J. S. V. Allen, M. L. Pool, J. D. Kurbatov, L. L. 
Quill—155(L); 425 





Raman spectra 


Electronic effect, absence of, L. Sibaiya—471(L) 


Relativity 


Special relativity in refracting media, W. C. Michels, 
A. L. Patterson—589 
Resistance, electrical (see Electrical conductivity and 


resistance) 


Resonance radiation 


Quenching and depolarization, A. Ellett, L. O. Olsen, 
R. Petersen—107 

Quenching and depolarization of Hg radiation, L. O. 
Olsen—739 


Scattering of atoms and molecules 
Of H by He, N. P. Heydenburg, N. F. Ramsey—42 
Scattering of electrons, neutrons, and ions (see also Elec- 
trons, scattering of; Electron diffraction) 
Of alkali ions in Hg, J. B. Macelwane, O.S.U.—762 
Atomic cross sections for fast electrons, L. I. Schiff— 
174(A) 
Atomic field of Br from electron scattering, W. E. Frye 
586 
Of electrons from RaE, J. L. Saunderson, O. S. Duffen- 
dack—190 
Of fast neutrons by Pb, H. F. Dunlap, R. N. Little—693 
Of mesons, J. A. Wheeler, R. Ladenburg—754 
Momentum loss of heavy ions, J. H. M. Brunings, J. K. 
Knipp, E. Teller—657 
Multiple scattering of fast electrons, N. L. Oleson, K. T. 
Chao, H. R. Crane—378 
Of neutrons by molecular gases, R. G. Sachs, E. Teller 
—18 
Of H! by Mg and Al, T. R. Wilkins—365 
Of protons by protons, G. L. Ragan, W. R. Kanne, R. F. 
Taschek—628 
Range of high speed protons, R. R. Wilson—749 
Range-velocity relation for fission fragments, J. K. 
Boggild—827 
Resonance level of Hg, M. Kimura—688(L) 
Scattering of protons, calculations, H. M. Thaxton— 
173(A) 
Of slow neutrons with nuclei, H. Carroll—702 
Total and scattering cross sections for slow neutrons, 
M. D. Whitaker, W. C. Bright—155(L) 
Velocities of electrons in hydrocarbon bonds, A. L. 
Hughes, T. Enns—345 
Secondary electrons (see Electrons, secondary) 
Solid state (see Crystalline state) 
Specific heat 
At low temperatures, M. Iona, Jr.—822 
Spectra, absorption 
Of alkali halides in ultraviolet, E. G. Schneider—169(A) 
Band absorption and pressure, M. Summerfield, J. 
Strong—162(A) 
Of CS, bands in near ultraviolet, L. N. Liebermann—496 
Of GeH, and SiH, in infra-red, J. W. Straley—65(A) 
Resonance broadening of Cs vapor in absorption, C. 
Gregory—164(A) 
Vibrational analysis; SOz, N. Metropolis—295 
Spectra, atomic 
Of A in ultraviolet, L. W. Phillips, W. L. Parker—301 
Of Cd IV, In V and Sn VI, M. Green—117 
Of Eu II, H. N. Russell, W. Albertson, D. N. Davis—641 
Of Au I and Au II, J. R. Platt, R. A. Sawyer—866 
Of Pr II, N. Rosen, G. R. Harrison, J. R. McNally, Jr. 
—722 
Spectra, general 
Gas analysis by infra-red absorption, R. R. Brattain, O. 
Beeck—161(A) 
Spectra, molecular (see also Molecular structure and 
constants) 
Of ammonia; vibration and rotation, Hsi-yin Sheng, 
E. F. Barker, D. M. Dennison—786 











ANALYTIC 


Of COs, S. Mrozowski—730 

Electronic bands, XY: molecules, N. Metropolis—283 

“Forbidden” bands in infra-red, C. H. Tindal—65(A) 

Intensities in perturbations, G. H. Dieke—523 

Isotope effect in predissociation, L. Geré, R. F. Schmid 
—911(L) 

New bands in No, J. Kaplan, S. M. Rubens—163(A) 

Rotational analysis, 2900A band of CO.*, F. Bueso- 
Sanllehi—556 

Solar reversing layer, R. H. Lyddane, F. T. Rogers, Jr., 
F. E. Roach—281(L) 

Vibrating-rotating polyatomic molecules, H. H. Nielsen 
—794 

Vibrational analysis of CD and CH bands, L. 
R. F. Schmid—363(L) 

Superconductivity (see Electrical conductivity and re- 

sistance) 


Gero, 


Thermal conductivity 
Across horizontal air spaces, L. B. Young —65(A) 
Of dielectrics, I. Pomeranchuk—820 
Thermal diffusion 
Turbulent flow in Clusius and Dickel column, R. Simon 
—172(A) 
Thermal expansion 
Of pure metals: Cu, Au, Al, Ni, and Fe, F. C. Nix, D. 
MacNair—597 
Thermionic emission; Emitting surfaces 
Anisotropy of electronic work function, R. Smoluchow- 
ski—661 
Deviations from Schottky line, E. Guth, C. J. Mullin— 
535(L) 
Formation of a gas layer, A. G. Emslie—458 
From Mo; positive and negative, R. W. Wright—465 
Thermodynamics 
Equations for saturated standard cells, F. G. 
wedde, L. H. Brickwedde—172(A) 


Brick- 


Vapor pressure 

Of HTO and DTO, W. F. Libby, R. Cornog—171(A) 
Vacuum tubes 

Theory of magnetron, L. Brillouin—385 


SU 


BJECT INDEX 925 
Van der Waals forces 

Forces between neutral molecules and surfaces, H. 

Margenau, W. G. Pollard—128; W. G. Pollard—578 


X-rays, absorption 
Fine structure in solutions, S. T. Stephenson—163(A) 
Theory of, S. R. Cook—158(A), 169(A) 
X-rays, diffraction, scattering, reflection, refraction, and 
polarization 
Classical and quantum reflection, C. V. Raman, P. 
Nilakantan—63(L) 
Diffraction by diamond; temperature, K. Lonsdale, H. 
Smith—617(L) 
Diffuse scattering; temperature, W. 
691(L) 
Non-Laue maxima, temperature effect, O. J. Baltzer— 
460 
Reflection from Mg crystals at low temperatures, A. 
Dember, A. Goetz—162(A) 
X-ray analyses of gallstones, R. Pepinsky—168(A) 
X-rays, emission (see also X-rays, spectra and spectros- 
copy, etc.) 
Absolute intensity from Ni, E. Smick, P. Kirkpatrick 
162(A) 
L radiation from S, D. H. Tomboulian, W. M. Cady 
551 
Lines of FeSe and FesO;, J. C. McDonald—912(L) 
Relative intensities in Ni, K. Harworth, P. Kirkpatrick 
—163(A) 
Short wave-length limit, J. W. M. DuMond, W. K. H. 
Panofsky, A. E. S. Green—163(A) 
X-rays, polarization 
From thin targets, B. F. Boardman—163(A) 


H. Zachariasen 


Zeeman effect 
Of Pb I, forbidden lines, F. A. Jenkins, S. Mrozowski 
225; E. Gerjuoy—233 
Paschen-Back effect, distant components, J. B. Green 
343 
Of Pr II, N. Rosen, G. R. Harrison, J. R. McNally, Jr. 
—722 











——s - . »~ - nan d ry \ - Fi IO Be My rites 
. Die 4.3 Petes eee 
" tL - ? < " ee . . _ on tine 
. " x baits: Nha bie nw < es a ae cs 
SAAS ee Ey OY pg re 












THE 
PHYSICAL REVIEW 














-—--——--- —— ee ___- ______t 
Voitume 60 Second Series NUMBER 12 








DECEMBER 15, 1941 


Published for the 
AMERICAN Puysicat Socrery 


by the 
American Instrrute oF Puysics 
Incorporated 


Lancasrzan, Pa, anp New Yoax, N. Y. 














THE PHYSICAL REVIEW 


Ad journal of experimental and theoretical physics established by E. L. Nichols im 1893 


ee Institute of Physics 


Ametican Physical Society 


K. K. Darrow 
Bell Telephone Laboratories 
New York, New York 


Treasurer 
G. B. Pecram 


Columbia University 
New York, New York 


Local Secretary 
for the Pacific Coast 


Pau. KimKPaTRICK 
Stanford University 
California 


Editor 

Joun T. Tate 
University of Minnesota 
Minneapolis, Minnesota 





BOARD OF EDITORS 


Joun T. Tats, Editor J. W. Bucuta, Assistant Editor 
Associate Editors 

W. BLEAKNEY S. K. ALLIson A. C. G, Mrrcueu. 

G, Breit P. M. Morse I. I. Rasr 

D. M. Dennison J. A. WHEELER G, E. UBLENBECK 


Manuscripts for publication should be submitted to John T. Tate, Uni- 
versity of Minnesota, Minneapolis, Minnesota. 

Proof and all correspondence concerning papers in the process of publication, 
should be addressed to the Publications Manager, American Institute of 
Physics, 175 Fifth Avenue, New York, New York. 


Subscription Price 
United States and Canada ........2424+e2-s $15.00 
NN eS OE ee ee AS ore eae $16.50 

Back Numbers 


Complete set: Series 2,1 Vol. 1, 1913—Vol. 58, 1940—$420.00 

Yearly rate: $16.50 

Single copies: $1.50 each prior to July, 1929; $.75 each after July, 1929. 

Subscriptions and orders for back numbers should be addressed to Prince 
and Lemon Streets, Lancaster, Pennsylvania, or to the American Institute of 
Physics, 175 Fifth Avenue, New York, New York. 

Advertising is not accepted for The Physical Review but attention is called 
to The Review of Scientific Instruments and the Journal of Applied Physics, 
companion publications of the Institute, and media through which the field 
of physics can be reached most effectively. Rates and other information will 
be furnished on request. 

Changes of address in the case of members of the American Physical Society, 
should be addressed to the Treasurer; in the case of other subscribers, to the 


Publications Manager. 





1 For Series 1 inquire of Physics Department, Cornell University, Ithaca, N. Y. 





The Physical Review is published semi-monthly at Prince and Lemon Streets, Lancaster, Pennsylvania. 
Entered at the Post Office at Lancaster, Pennsylvania, as second class matter. 
Aeceptance for mailing gt special rate of postage provided for in section 1103, Act of October 3, 1917, authorized September 6, 1926. 





“ ee ent 


ad) SIRES. eg gE Ee 


rt. ae 


SO ST TT 


eC RI tig a 






i 
} 


regen: 
Samet 


~ PRY PTE 





INCORPORATED 


ADMINISTRATIVE STAFF 
Henry A. Barton, Dérecior 
MApgELINE M. MiTcHELL, Publications Manager 
Joun T. Tare, Adviser on Publications 





Office: 175 Fifth Avenue, New York, New York 





JOURNALS 


THE PHYSICAL REVIEW 


REVIEWS OF MODERN PHYSICS 
Joun T. Tate, Editor 
J. W. Bucuta, Assistant Editor 


JOURNAL OF THE OPTICAL SOCIETY OF AMERICA 
Grorce R. Harrison, Editor 


THE JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA 
FLoyp A. Freestone, Editor 


AMERICAN JOURNAL OF PHYSICS 
(Formerly Tae American Puysics Teacuse) 
Duane Roiier, Editor 


THE REVIEW OF SCIENTIFIC INSTRUMENTS 
Gaytorp P, Harnwei., Editor 


THE JOURNAL OF CHEMICAL PHYSICS 
Joszrn E. Mayer, Editor 


JOURNAL OF APPLIED PHYSICS 
E.mer Hurtcaisson, Editor 


THE AMERICAN INSTITUTE OF PHYSICS 





GOVERNING BOARD 
Paut E. Kiopstec, Chairman 
Central Scientific Company 
Gerorce B. P Secr 
Samah Cag” 
For the American Physical Society: 
Kari T. Compton 
Massachusetts Institute of 
Technology 


Gerorce B. Pecram 
Columbia University 
Joun T. Tate 
University of Minnesota 


For the Optical Society: 
R. C. Gress 
Cornell University 
A. C. Harpy 
Massachusetts Institute of 
Technology 
W. B. Raytron 
Bausch & Lomb Optical 
Company 


For the Acoustical Society of America: 


Fiovp A. F 

University of Michigan 
Harvey FLETCHER 

Bell Telephone Laboratories 
WALLACE WATERFALL 

The Celotex Corporation 


For the Society of Rheology: 
Wueeter P. Davey 
Pennsylvania State College 
A. Srvart Hunter 
E. I. duPont de Nemours 
& Company 








CONTENTS 
Pays. Rev. 60 (1941) 


Alpha-Model of Nuclear Structure, and Nuclear Moments 
Average Exergy Required to Produce an Ion Pair in Xenon with 0.16A X-Rays 


*eeees eve 


Self-Consistent Field, with Exchange, for Si IV and Si V 
W. Harrres, D. R. Hartree, anpD Mitiarp F. MANNING 


New Classifications in the Spectra of Au I and Au I 
Statistical Analysis of the Earth’s Internal Magnetic Fiel¢ 


. . - P. H, Muer, Jr. 


Variation of the Magnetic Properties of Antimony with Electron Concentration .. . 
S. H. Baowss amp C. T. Lane 


he i ee mean 
RE poi UE TNS 6 of at te eS S. H. Browne anp C. T. Lane 


Theory of the Elasticity of Polycrystals with Viscous Grain Boundaries . . . CLARENCE ZENER 


Letters"to the Editor: 


Davip C. Gramame anp Harotp J. WaLKE 


Nuclear Photo-Effect on Sulphur, Aluminum, and Magnesium 
O. Huser, O. Liswearp, P. Scuzrrer, anp H. WArrier 


Differential Measurements of the Meson’s Lifetime at Different Elevations 
. . - G, Bernarpma, B. N. Cacciarvoti, E. Pancna, O, Piccion, anp G. C. Wick 











